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IN VIVO DOSIMETRY OP LABELLED
AGGREGATES USED IN LUNG SCANNING
CHAPTER I  
INTRODUCTION
Lung scanning i s  a  sc reen ing  procedure used to  diagnose 
and lo c a te  pulmonary em boli. I t  i s  w idely  used in  the  United 
S ta te s  a t  t h i s  tim e. To perform  a lung scan , f iv e  m i l l i -  
c u r ie s  of ra d io a c tiv e  technetium-99m in  th e  form of c o llo id  
p a r t i c l e s  a re  in je c te d  in  the  blood stream  and c o l le c t  in  
th e  lung .
In  th i s  s tu d y , we have measured th e  dose d e liv e re d  to  
a  dog lung  d u rin g  a lu n g  scanning procedure in  o rd e r to  b e t t e r  
e v a lu a te  dose to  human lungs. Doses from d ia g n o s tic  s tu d ie s  
such a s  lung  scans must be knovm w ith  g re a t c e r ta in ty  be­
cause o f t h e i r  w idespread use . D iagnostic  s tu d ie s  can con­
t r i b u t e  much more to  o v e ra l l  r a d ia tio n  burden than  th e  
r e l a t i v e ly  sm all number o f exposures in  th erap y .
The p a t ie n t  dose, due to  v a rio u s  p rocedures in v o lv in g  
ra d io a c t iv e  is o to p e s , needs to  be known w ith  c e r ta in ty  in  
o rd e r  to  e v a lu a te  th e  b e n e f i ts  o f  th e  procedure v s . the  
r a d ia t io n  h aza rd s . T his ev a lu a tio n  may be v e ry  hard to  
a c c u ra te ly  a s s e s s .  A nother f a c to r  to  be considered  i s  th a t  
when one uses s c i n t i l l a t i o n  imaging d e v ic e s , i t  i s  d e s ira b le  
to  u se  as much iso to p e  as  can be s a fe ly  ad m in is te red . The 
h ig h e r  coun ting  r a te s  o f te n  g ive the  b e s t  images. I f  th e
1
2t r u e  dose i s  very  sm a ll, i t  may be p o ss ib le  in  some cases 
to  a d m in is te r  more iso to p e  to  o b ta in  a b e t t e r  scan .
With the  advent o f therm olum inescent dosim eters o f 
ve ry  sm all s i z e ,  i t  i s  now p o ss ib le  to  measure dose in  a re a s  
th a t  were u n a sse ssab le  by p rev io u s d o sim e tric  m ethods. This 
study  was undertaken  to  b e t t e r  ev a lu a te  the  dose to  th e  lung 
from tech n e tiu m -99m la b e l le d  s u lfu r  m acroaggregates used 
in  lu n g  scann ing , in  i t  we compare th e  dose c a lc u la te d  by 
a  w ell known procedure  to  th e  dose a s  measured w ith  therm o­
lum inescen t d o s im e te rs . To d a te , c a lc u la te d  doses have only 
been checked e x p e rim e n ta lly  in  phantoms, and in  a  few cases 
by d o sim eters  t h a t  have been s u rg ic a l ly  im planted a t  v a rio u s  
lo c a tio n s  in  th e  body. The s u rg ic a l  im plants have been in  
connection  w ith  th e rap y  procedures (Boone, 196?),
The main f e a tu r e  o f t h i s  study was th a t  very  sm all thermo­
lum inescen t d o sim eters  were in je c te d  in to  the  blood stream  
and proceeded in  a manner s im ila r  to  the  scanning agen t to  the  
lu n g  v a s c u la tu re . I t  had been found by D arnell ( 1967) th a t  
th e  dosim eters a re  more even ly  spread through th e  lung  th an  
th o se  t h a t  could  be s u r g ic a l ly  im planted.
T his s tudy  invo lved  th e  use of dogs as experim ental 
an im als . The la b e l le d  lung  scanning agent was f i r s t  in je c te d  
in to  th e  c e p h a lic  v e in  o f  th e  fo re le g  o f the dog. Im m ediately 
a f t e r  th e  p a r t i c l e s  were in je c te d ,  th e  dosim eters were in je c te d  
in to  th e  ju g u la r  v e in . The dosim eters were th en  f i l t e r e d  out 
in  the  lung  v a s c u la tu re ,  b u t due to  t h e i r  r e l a t iv e ly  la rg e  s iz e ,
3they were trapped  in  a r t e r i e s  before th e y  reached th e  c a p i l ­
l a r i e s ,  Twenty fo u r  hours a f t e r  in je c t io n ,  th e  dogs were 
s a c r i f ic e d  and th e  d osim eters  recovered upon removal of th e  
lung.
The in  v ivo d o se , which was measured, w i l l  be compared 
to  th e  c a lc u la te d  dose in  a  l a t e r  s e c tio n . A nother s tudy  
(D a rn e ll, 196?), in d ic a te s  th a t  there  i s  a  la rg e  d if fe re n c e  
between th e  c a lc u la te d  and th e  measured in  v ivo dose. The 
p o ss ib le  causes o f t h i s  d isc repancy  are  in v e s tig a te d  in  a 
l a t e r  s e c tio n .
CmPTER I I
BACKGROUND OF LUNG SCANNING 
In  1963 th e  f i r s t  lu n g  scans were c a r r ie d  ou t in  man.
The im portance o f lung  scanning  p re s e n ts  i t s e l f  in  the  f a c t  
th a t  n e a r ly  o n e -h a lf  of a d u lts  dying  from a l l  causes have 
pulmonary emboli p re se n t (Wagner, 1968) ,  Pulmonary emboli 
are th e  most common o f  th e  se r io u s  d iso rd e rs  a f f e c t in g  p u l­
monary c i r c u la t io n .  Pulmonary emboli may e x is t  in  a very 
s e r io u s  form and n o t  be p ro p e rly  d iagnosed . Many emboli 
do n o t  produce symptoms and a re  n o t  d e te c te d , and in  o th e r  
cases produce symptoms th a t  a re  very  s im ila r  to  o th e r  
d ise a se s  and d iso rd e rs  (Wagner, I 968) .
Pulmonary em boli u s u a l ly  o r ig in a te  as throm bi in  the  
la rg e  p e lv ic  v e in s ,  o r  l e s s  f re q u e n tly , in  th e  lov/er ex trem i­
t i e s ,  They u s u a l ly  occur a s  a r e s u l t  o f being  confined to  bed 
because o f su rg e ry , pregnancy, o r any co n d itio n  th a t  r e s u l t s  
in  poo r blood flow . As th e  p a t ie n t  reg a in s  c i r c u la t io n ,  th e  
c lo ts  w i l l  m ig ra te  to  th e  lungs o r h e a r t .
Lung damage r e s u l t s  when a c lo t  o f  s u f f ic ie n t  s iz e  
lodges in  the  lung  v a sc u la tu re  th a t  su p p lie s  th a t  a re a  of 
th e  lu n g . The body has s e v e ra l  methods o f b reak ing  down 
em boli. T his may be accom plished th rough  anastom asis or by 
d is s o lv in g  th e  emboli w ith  p r o te o ly t ic  enzymes. I f  the  
emboli a re  n o t removed, p a r t s  of th e  lu n g , depending upon 
th e  supp ly  from th e  a r t e r y ,  w i l l  cease  to  fu n c tio n . Emboli 
th a t  rem ain trap p ed  fo r  24 hours o r more may cause se rio u s
4
5damage. S tu d ie s  have shown th a t  some emboli may remain 
trapped  in  th e  lung f o r  as long  as te n  days (D uffy , 1968) .
Pulmonary emboli a re  very  d i f f i c u l t  to  d iagnose  and 
lo c a te .  To produce symptoms 30 to  50^ of th e  c a p i l la r y  
bed must be blocked (Wagner, 1968). E arly  symptoms may be 
f a l s e ly  diagnosed a s  e a r ly  pneumonia. D iagnosis o f  p u l­
monary emboli i s  com plicated  by the  f a c t  th a t  X -rays can 
d e te c t  emboli in  on ly  about 20^ of th e  severe  case s  (Wagner, 
1968) ,  O ther d ia g n o s tic  techn iques such as pulmonary ang io­
graphy can be hazardous and would n o t be d e s ira b le  to  use 
as a sc re e n in g  method.
The f i r s t  lung  scans were perform ed w ith  m acroaggregated 
album in la b e l le d  w ith  io d in e -131 (^^^I-MAA), which had a  
p a r t i c l e  s iz e  range o f  10 to  90 m icrons in  d iam e te r. The 
m acroaggregated p a r t i c l e s  w i l l  break in to  sm a lle r  s iz e s  
upon in je c t io n  and by blood flow a g a in s t  and around the 
p a r t i c l e s  in  th e  c a p i l l a r i e s  of the lung  (D uffy, 1968) .
The s iz e  range o f th e  normal lung  c a p i l la r y  has been found 
by W eibel ( 1963) to  be one to  15 m icrons w ith  an average 
c a p i l la r y  d iam ete r o f 8 .2  m icrons.
When p a r t i c l e s  o f  t h i s  s iz e  range a re  in je c te d  i n t r a ­
venously , th ey  a c t  a s  sm all emboli and lodge in  th e  lung 
c a p i l l a r i e s  in  the  p o r t io n s  of th e  lung  th a t  have unobstruc ted  
blood flow . I f  emboli a re  p re s e n t , th e  a re a  o f  th e  lung w ith  
the  decreased  blood flow  w i l l  show up on the  scan  as an a re a  
of decreased  a c t i v i t y ,  s in c e  the  amount of la b e l le d  aggre-
6g a te s  f i l t e r e d  out i s  in  d i r e c t  p ro p o rtio n  to  the  blood 
flovf to  the  a re a . T his p rov ides th e  b a s is  o f th e  d iag n o s tic  
t e s t  f o r  pulmonary em boli.
Lung scans were f i r s t  performed w ith  r e c t i l i n e a r  
s c i n t i l l a t i o n  c ry s ta l  d e te c to r s .  This method o f scanning 
has lead  to  an accep tab le  method o f sc reen in g  p a t ie n ts  
su spec ted  o f  having pulmonary em boli. L a te r  developments 
have improved th e  imaging methods. S ta tio n a ry  d e te c to r  
d e v ic e s , r e fe r re d  to  a s  cam eras, have sp e c ia l  advantages 
when a l l  p a r t s  o f th e  study  f i e l d  must be examined sim ul­
tan eo u sly .
The Anger camera was in troduced  in  1956 (Wagner, 1968) . 
The device c o n s is ts  o f  a m u lti-h o le  c o llim a to r  th a t  p ro je c ts  
th e  r a d ia t io n  image onto a  l / k  inch  th ic k  sodium iod ide  
c r y s ta l .  The c ry s ta l  i s  viewed by an a rra y  of 19 photo­
m u lt ip l ie r  tu b es . The p o s it io n  o f the  l ig h t  f la s h e s  i s  
computed from in fo rm ation  rece ived  from in te n s i t i e s  from 
th e  ^larious pho to tu b es. The camera type imaging dev ices have 
n e a r ly  rep laced  the  u se  o f r e c t i l i n e a r  scanners in  many 
a p p lic a t io n s . This i s  due to  th e  f a c t  th a t  cameras can 
view th e  e n t i r e  a re a  a t  once and g e t the  in fo rm ation  much 
q u ick e r. Time i s  th e  main advantage of u sing  th e  camera 
type  imaging dev ice .
In  th e  p a s t two y e a r s ,  technetium-99m has become the  
agen t of g enera l u se . The main reason  f o r  th e  in c reased  
use o f technetium  i s  th a t  the  photon of the  iodine-131 has
7an energy o f 363 KeV, and th i s  energy has a  low e f f ie ie n c y  
(21^) o f in te r a c t io n  w ith  th e  Anger camera c ry s ta l .  On the  
o th e r  hand, th e  l / 4  inch  th ic k  c r y s ta l  i s  75^ e f f i c i e n t  fo r  
th e  l40 KeV photons o f th e  technetium-99m* Another reaso n  i s  
th a t  th e  dose to  th e  lung  i s  decreased  by a  f a c to r  o f ap p ro x i­
m ately  te n  when u s in g  th e  same number o f  mCi o f  technetium-99m 
a s  compared to  io d ine-131 . The low er dose from teclmetium-99iïi 
i s  a  r e s u l t  m ainly o f th e  s ix  hour p h y s ic a l h a l f - l i f e  and the  
low er amount o f b e ta  l ik e  em issions. The h a l f - l i f e  o f io d in e -  
131 i s  8,05 days,' and th e  r e l a t i v e ly  la rg e  amount o f b e ta  i s  
th e  m ajor c o n tr ib u to r  to  p a t ie n t  dose w hile  c o n tr ib u tin g  no 
m edical in fo rm atio n . The lo n g e r h a l f - l i f e  of io d in e-1 3 1 , and 
th e  la rg e  amounts o f b e ta  emmissions c o n tr ib u te s  to  a much 
h ig h e r dose th an  tech n etiu m -99m to  g e t th e  d e sired  r e s u l t s  
on th e  s c i n t i l l a t i o n  c r y s ta l .
The development o f lung  scann ing  ag en ts  now g ives th e  
p h y sic ian  a to o l  w ith  which to  observe p a t ie n ts  in  a s i tu a t io n  
th a t  could le a d  to  th e  fo rm ation  of pulmonary emboli and then- 
to  begin  s p e c if ic  trea tm en ts  upon th e  e a r ly  d iag n o s is . When 
pulmonary emboli a re  d iagnosed, a  program o f very  s p e c if ic  
trea tm e n t can be i n i t i a t e d .  The program invo lves the  use  of 
a n tic o a g u la n t type drugs to  p rev en t c lo t  fo rm ation , p ro te o ­
l y t i c  agen ts to  d is so lv e  any throm bi a lre a d y  formed, and 
v a rio u s  s p e c if ic  s u rg ic a l  te c h n iq u e s .
CHAPTER I I I
FATE OF THE LUNG SCANNING AGENT 
D is tr ib u t in g  p a r t i c l e s  in  th e  lung  to  perform a  scan 
invo lves th e  d e l ib e r a te ,  b u t c l i n i c a l l y  s a fe ,  blockage o f 
pulmonary c a p i l l a r i e s  by th e  la b e l le d  ag g reg a tes .
The ag en t i s  in je c te d  in to  th e  cep h a lic  ve in  which 
flows up th e  arm and em pties in to  th e  upper a x i l la r y  v e in .
The upper a x i l l a r y  v e in  a t  th e  f i r s t  r i b  becomes the  sub­
c la v ia n  v e in , which p a sse s  m ed ia lly  to  jo in  the in te r n a l  
ju g u la r  and form th e  b ra c h io c e p h a lic  v e in  on each s id e  
(in n im in a te  v e in ) . T his th en  goes in to  the  su p e rio r  vena 
cava which dumps in to  th e  r ig h t  a triu m  o f the  h e a r t . Then 
i t  i s  moved in to  the  r i g h t  v e n t r i c l e ,  which pumps th e  blood 
in to  th e  pulmonary a r t e r y .  This a r te r y  branches and forms 
th e  pulmonary c a p i l l a r i e s  in  which th e  scanning ag en t i s  
f i l t e r e d  o u t , as th e  b lood  i s  b e in g  pumped through th e  lungs» 
w hile i t  i s  be ing  oxygenated. The b lood , v/ithout th e  scanning  
a g e n t, a f t e r  being oxygenated, r e tu rn s  to  the  h eart in  the  
pulmonary v e in s  to  the  l e f t  a tr iu m , then  to  the l e f t  v e n tr ic le  
to  be pumped to  a l l  a re a s  of th e  body through the a o r ta .
P o s tu re  and g ra v i ty  has a  marked e f f e c t  on th e  d i s t r i ­
bu tion  of th e  scanning agen t in  th e  lu n g  (Tow, 1966) .  P a r t ic le s  
a re  more un iform ly  d i s t r ib u te d  when th e  su b je c t i s  in  th e  supine 
p o s i t io n , In  th e  s ta n d in g  p o s i t io n ,  th e  g re a te s t  f r a c t io n  o f 
th e  p a r t i c l e s  a re  found in  th e  low er one th i r d  of the  lung . 
S tu d ie s  by Wagner ( 1968) a ls o  p o in t ou t the  blood flow was
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9h ig h e r  on th e  dov/nside lu n g  when in je c t in g  a p a t ie n t  in  the  
r i g h t  o r  l e f t  d ecu b itu s  p o s i t io n .
F ive m i l l ic u r ie s  o f  technetium -99ni u s in g  s u l fu r  macro­
a g g reg a te s  a re  used in  th e  human lu n g  scan . This p rep a ra ­
t io n  c o n ta in s  no more than  3 X 10^ p a r t i c l e s .  W eibel ( 1963) 
s t a t e s  t h a t  th e re  a re  approxim ately  300 X 10^ p re c a p il la ry  
segm ents l a r g e r  than  te n  m icrons in  d iam e te r in  th e  lung . 
This shows th a t  l i t t l e  o f  th e  fu n c tio n a l  pulmonary a re a  i s  
b locked by the  scanning  ag en t.
Many o f th e  ag g reg a te s  undergo frag m en ta tio n  and remain 
in  th e  lu n g  f o r  only  a  few hours. The re s id e n c e  tim es (b io ­
lo g ic a l  h a l f - l i f e )  in  th e  lu n g  are  a f f e c te d  by the  r a t e  o f 
fra g m e n ta tio n , which can be caused by m echanical a c tio n  o f  
blood p re s su re . The p h y s ic a l mechanism o f th e  blood flow 
a g a in s t  and around th e  p a r t i c l e s  in  th e  blood v e s se ls  a lso  
causes some p a r t i c l e s  to  b reak . L arg er p a r t i c l e s  seem to  
tak e  more tim e to  c le a r  th e  lung . T his may be exp lained  by 
th e  f a c t  t h a t  th ey  must fragm ent more to  be c le a re d  by the  
lung .
M il le r  (1970) has observed th a t  s u l f u r  m acroaggregates 
may be removed by m acrophages. The s u l f u r  m acroaggregates 
may be observed in  macrophages as soon as 30 m inutes a f t e r  
d e p o s itio n  o f  th e  scanning  ag en t in  th e  lu n g . The p a r t i c l e s  
a re  engu lfed  by macrophages and d isso lv e d  by p ro te o ly t ic  
enzymes (lysozym es). The f a te  of th e  s u l f u r  c o llo id  removed 
from th e  lu n g  by th e  r e t ic u lo e n d o th e l ia l  system  i s  t h a t  i t  
i s  in g e s te d  by th e  a lv e o la r  macrophages. The p a r t i c l e s  then
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a re  f i r s t  no ted  in  th e  l i v e r  and th e  sp le en . Since i t  has 
been found th a t  th e  a c t i v i t y  in  the  l i v e r  and th e  sp leen  de­
c re a s e s , i t  seems as  i f  th e  s u l f u r  i s  m etabolized  by the  
re t ic u lo e n d o th e l ia l  system .
The d e te rm in a tio n  o f th e  b io lo g ic a l  h a l f - l iv e s  v;ith 
a la rg e  degree of c e r t a in ty  i s  of g re a t  im portance in  th e  
de te rm in a tio n  o f  th e  c a lc u la te d  dose to  th e  organ. The 
b io lo g ic a l  h a l f - l i f e  i s  th e  tim e re q u ire d  f o r  th e  body to  
e lim in a te  o n e -h a lf  o f an ad m in is te red  dose o f any substance 
by r e g u la r  p ro cesses  o f  e lim in a tio n . Most h a l f - l i f e  s tu d ie s  
invo lve  the  use o f s c i n t i l l a t i o n  coun ting  over an organ.
The a re a  o f h ig h e s t c o n c e n tra tio n  in  th e  organ i s  lo c a te d , 
and counts a re  made a t  c e r ta in  tim es p o st in je c t io n .  This 
d a ta  i s  then p lo tte d  r e l a t i v e  to  th e  i n i t i a l  counting  r a te  
to  g e t the  b io lo g ic a l  h a l f - l i f e .
A nother method i s  to  s a c r i f i c e  la b o ra to ry  anim als a t  
v a rio u s  tim es and remove th e  organs o f i n t e r e s t .  The organs 
a re  th en  counted s e p a ra te ly  to  determ ine th e  rem aining 
a c t iv i t y .  This method ta k e s  in to  account th e  v a r i a b i l i ty  
betv/een an im als. Both methods seem to  produce s im ila r  
r e s u l t s .
The f a te  o f th e  m acroaggregated albumin has been in ­
v e s tig a te d  by Deland ( 1966) .  P a r t ic le s  w ith  a  s iz e  range 
of f iv e  to  100 m icrons, w ith  60/3 above 20 m icrons, v/ere in ­
je c te d ,  and the  h a l f - l i f e  in  th e  lung  was found to  be e ig h t 
hours. The range o f v a lu e s  in  th a t  s tudy  was from fo u r to
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twelve h o u rs , in d ic a t in g  much v a r ia t io n ,  A second component 
v;as no ted  to  have a h a l f - l i f e  o f 72 hours. A th i r d  b io lo g ic a l  
e lim in a tio n  component has a h a l f - l i f e  o f  55 days. That study 
was accom plished u s in g  m acroaggregated albumin la b e lle d  w ith  
io d in e -131, so th e  f i r s t  two components a re  most im portan t in  
a sse s s in g  lung  dose. Due to  the  c u rre n t use o f m acroaggregated 
albumin and s u lfu r  c o llo id  agg regates la b e l le d  v;ith technetium - 
99m, the  f i r s t  h a l f - l i f e  component of th e  p a r t i c u la r  agent 
used i s  h ig h ly  im portan t in  c a lc u la t in g  th e  lung  dose. Very 
l i t t l e  o f th e  dose i s  co n tr ib u te d  a f t e r  the  f i r s t  day when 
u sin g  an agen t la b e lle d  w ith  tech n etiu ra-99m.
B io lo g ica l h a l f - l i f e  s tu d ie s  were conducted by Ficken 
(1970) on s u lfu r  m acroaggregates. This s tu d y  used s u l fu r  
c o llo id  aggregates la b e lle d  w ith  su lfu r-3 5  to  f in d  th e  f a te s  
of the  p a r t i c l e s ,  Sulfur-35» "fith  an 87 day h a l f - l i f e ,  was 
long  enough to  allov/ fo llow ing  th e  p a r t i c l e s  much lo n g er 
than  i f  la b e lle d  w ith  technetium  o f io d in e . This study  
in d ic a te d  th a t  70^  o f the  o r ig in a l  a c t iv i t y  th a t  was t r a p p e d • 
in  the  lung  was c le a re d  w ith  a b io lo g ic a l  h a l f - l i f e  o f s ix  
h o u rs , 20% was c le a re d  w ith  a h a l f - l i f e  o f  22 hours, and the 
rem aining 10% was c le a re d  w ith  a b io lo g ic a l  h a l f - l i f e  o f  400 
hours. This c lea ran ce  p a tte rn  i s  s im ila r  to  the  one f o r  
io d in e -131 m acroaggregated album in, as was in v e s tig a te d  by 
DeLand ( 1966),
These s tu d ie s  o f b io lo g ic a l h a l f - l i f e  o f  th e  p a r t i c l e s  
a re  very im portant in  a sse ss in g  th e  movement out of the
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lu n g . S ince very l i t t l e  o f  th e  lung  fu n c tio n  i s  compromised, 
i t  i s  of r e l a t i v e ly  l i t t l e  im portance to  know th e  re s id en ce  
tim es in  th e  lung f o r  t h i s  re a so n . However, as mentioned 
b e fo re , b io lo g ic a l  h a l f - l i f e  changes w i l l  d i r e c t ly  a f f e c t  
th e  r a d ia t io n  dose; th e r e f o r e ,  i t  was v ery  im portan t to  
know them a c c u ra te ly  f o r  t h i s  s tudy .
CHAPTER IV 
LUNG ANATOMY
The Iw ig  c o n ta in s  th re e  b a s ic  components; a i r ,  b lood, 
and t i s s u e .  The t i s s u e  forms the  b a s ic  c o n s tr a in ts  f o r  the 
blood and th e  a i r .  C e rta in  t i s s u e  a llow s a gaseous exchange 
through i t .  The arrangem ent o f  th e  airw ays and blood v e sse ls  
o f th e  lu n g  branch a t  the  c e n tr a l  a re a  o f th e  lung . Function­
a l l y  the  c e n te r  o f  th e  lung  i s  lo ca te d  a t  th e  a re a  where the  
airw ays te rm in a te  in  the  a lv e o l i  and come in  c lo se  r e l a t io n ­
sh ip  w ith  th e  c a p i l l a r y  netw ork. The r i g h t  and l e f t  main 
pulmonary a r t e r i e s  begin  a t  th e  b i fu rc a t io n  o f th e  pulmonary 
a r t e r i a l  tru n k . T his arrangem ent i s  g e n e ra lly  in  th e  form 
o f  a fan  and c o n tin u es  u n t i l  i t  te rm in a te s  in  the  a lv e o la r  
sa c s .
In th e  m ature lu n g , a irw ays and blood v e s s e ls  have a  
c h a r a c te r i s t i c  r e la t io n s h ip  to  each o th e r . This i s  shown 
in  f ig u re  4-, 1, The pulmonary a r t e r i e s  a re  seen to  accompany 
th e  b ronch i q u ite  c lo s e ly . The pulmonary v e in s  have a 
g re a te r  v a r i a t io n ,  b u t tend  to  be between the  airw ay t r e e .
This arrangem ent i s  m ain tained  throughout the  lung , from the 
h ilum  to  th e  p e r ip h e ry  (Bloomer, i 960) .
System ic c a p i l l a r i e s  a re  r a th e r  long  th in  tu b es th a t  
a re  connected to  sm a lle r  c a p i l l a r i e s  to form a dense n e t ­
work o f a lv e o la r  c a p i l l a r ie s .  These in  tu rn  form a v e ry  dense 
c a p i l l a r y  netw ork in  the  a lv e o la r  w a ll. The c a p i l l a r i e s
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have an in te r n a l  average d iam eter o f 8 .2  m icrons w ith  an 
e x te rn a l  d iam eter between one and 15 m icrons, Weibel ( 1963) 
has found th e  b a s ic  number o f  c a p i l l a r i e s  in  th e  human lung  
to  be 280 X 10^. This number i s  n e a r ly  independent of th e  
lu n g  s iz e .
There a re  300 X 10^ a lv e o li  in  th e  lung. This means 
th a t  each a lv e o lu s  i s  surrounded by 1,000 to  2,000 c a p i l la r y  
segments,. The c a p i l l a r y  network can be described  as a 
con tinuous and la rg e  v a sc u la r  sh e e t w ith  an a re a  o f 35 to  
40 square  m eters ,
G e n e ra lly / i t  was found th a t  d if fe re n c e s  between sp e c ie s  
a re  n o t q u a l i t a t iv e  b u t q u a n ti ta t iv e  (V /eibel/ 1963) , I t  
has been found th a t  between sp ec ie s  th e  lung volume is  
p ro p o r tio n a l to  body w eight i . e , , th e  lung  w eight and volume 
a re  r e la te d  by d e n s i ty , th e re fo re ,  the  lung  w eight i s  a  
c o n s ta n t f r a c t io n  o f body w eight. This has been shown by 
Tenny ( 1963) and i s  summarized in  f ig u re  4 ,2 ,
Tenny’s s tudy  has shown th a t  th e  lung  volume i s  a 
d i r e c t  fu n c tio n  o f body w eight and n o t a  d i r e c t  fu n c tio n  o f  
m etabo lic  r a t e .  The l in e  in  f ig u re  4 ,2  approxim ates a 
s t r a ig h t  l in e  w ith  a s lo p e  o f  1 ,02, I t  has been found t h a t  
th e  m etabolic  r a te  c o r r e la te s  w ith  body weight to  th e  0 ,?4  
power. The t o t a l  r e s p i r a to r y  frequency does c o r r e la te  to  
th e  m etabolic  a c t iv i t y  to  th e  in v e rse  o f  the  body mass to  
th e  0,28 power (A dolf, 1949). The number of a lv e o l i  p e r  
u n i t  volume o f lung  i s  h ig h e r in  anim als v â th  a  g re a te r
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m etabolic  a c t iv i t y  (Termy, 1963).
I t  can be seen from th e  study  o f Tenny ( 1963) t h a t  
th e  lung  vfeight i s  approx im ately  o f body w eigh t. There 
seems to  be q u ite  a b i t  o f  u n c e r ta in ty  in  t h i s  number. Much 
o f th e  v a rian ce  i s  due to  th e  way t h a t  th e  lu n g  w eigh t was 
measured a t  au topsy . I t  has been found th a t  when th e  lung 
i s  removed and the  la rg e  v e s s e ls  a re  c u t ,  much of th e  blood 
i s  l o s t  from th e  lung . This would tend  to  cause a low er 
va lu e  than  a c tu a l  l iv e  v/eight. The type o f death  t h a t  i s  
encountered w i l l  change the  amount o f blood th a t  i s  l e f t  in  
th e  lung  (DeReuck, 1962). Death by e le c tro c u tio n  w i l l  
a c tu a l ly  fo rc e  blood from th e  lung ,' and d ea th  by a n e s th e s ia  
w i l l  cause a la rg e r  amount o f  blood than  nozmal to  accum ulate 
in  th e  lung .
Typer ( 1967) re p o r ts  th a t  th e re  i s  v e ry  l i t t l e  in  the  
l i t e r a t u r e  concerning p re c is e  in fo rm a tio n  on com parative 
anatomy of th e  lung among v a rio u s  sp e c ie s  o f mammals. The 
main d isc rep a n c ie s  between man and dog a re  in  the  d e l in e a t io n ' 
of th e  secondary lobes acco rd ing  to  h is  s tu d y . I t  v/as a lso  
found th a t  th e re  were some d if fe re n c e s  in  th e  blood v e s s e ls  
supp ly ing  th e  lung , b u t t h i s  was n o t in  a re a s  th a t  would a f f e c t  
t h i s  dosim etry  study.
For the  s ta n d a rd , ?0 kilogram  man, th e  lung  weighs
1,000 grams vM ch i s  1 .4^ of body w eight (Snyder, 1969) .
The human lung is  composed o f  th re e  lo b es  on th e  r i g h t  and 
two lobes on th e  l e f t ,
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Ross (1957) has found d if fe re n c e s  between th e  dog and 
m an's b ro n ch ia l t r e e  a r c h i te c tu r e .  T his would probably  be 
expected due to  the  d if fe re n c e  in  the  number o f  lo b e s . The 
dog lung c o n s is ts  o f fo u r  lo b es  on th e  r i g h t  which c a r r ie s  
53*9 to  62,2# o f the  t o t a l  blood flov/. The l e f t  lung  has th re e  
lo b es  and has 37,8 to  46 ,1#  of the  t o t a l  blood flow to  th e  
lungs o f th e  dog, T ap lin  and Poe have made th e se  re g io n a l 
blood flow  s tu d ie s  (D a rn e l l /  I 967) ,  I t  would be expected th a t  
th e  la b e l le d  ag g reg a tes  and th e  in je c te d  dosim eters  would fo llow  
s im ila r  p a tt e m s  as th e  blood, In  th e  dog lu n g , blood i s  
d is t r ib u te d  w ith  38# in  th e  c a p i l l a r i e s ,  27#  in  th e  a r t e r i e s ,  
and 35# in  th e  v e in s (DeReuck, 1962), This shows th a t  the  
lung  has a  la rg e  amount o f blood in  th e  a re a  where r e s p i r a t io n  
i s  ta k in g  p la c e .
Although th e re  a re  d e f in i te  g ro ss changes in  th e  lung  
s t r u c tu r e  between th e  human and th e  dog lung  th e  changes a t  
th e  le v e l  o f c a p i l la ry  s iz e  and g en era l d i s t r ib u t io n  o f p re ­
c a p i l l a r y  se g m en ts  a re  s l i g h t .  In  any c a se , dogs a re  the  
most o ften  used experim en ta l anim al in  r e s p i r a to r y  s tu d ie s  a s  
no ted  by Schmidt (1961) .  In  p h y s io lo g ic a l s tu d ie s ,  70# of 
a l l  anim als used a re  dogs.
The main cause of concern in  a dosim etry  s tudy  o f t h i s  
tj 'p e  i s  n o t g en era l lung  a rc h i te c tu r e ,  b u t o f  a  uniform  
d i s t r ib u t io n  of both  th e  scanning  agen t and th e  dosim eters 
in  th e  volume occupied by the  lung . T his c o n d itio n  should 
be met because lung scans of dogs by P icken (1970) in d ic a te  
a  uniform  agg regate  d i s t r ib u t io n .  I f  th e  ag g reg a te s  a re
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d is t r ib u te d  even ly , due to  the  la rg e  number of p re c a p i l la ry  
segm ents, the  d o sim ete rs , a ls o ,  should be evenly d i s t r ib u te d .
I t  i s  in te r e s t in g  to  n o te  th a t  due to  the  d if fe re n c e s  in  
s iz e  o f th e  dosim eter and th e  la b e l le d  ag g reg a te , the  two 
w i l l  n o t be in  d i r e c t  c o n ta c t .  This i s  because th e  agg re­
g a te s  v / i l l  go much deeper in to  th e  c a p i l l a r ie s  than  the  
r e l a t i v e l y  la rg e  dosim eter. The c lo s e s t  c o n ta c t th a t  can be 
made i s  one th a t  would be in  ju x ta p o s i t io n , w ith  th e  th ic k ­
n e ss  o f  th e  c a p i l la r y  w a ll and th e  lu n g  ep ithelium  s e p a ra tin g  
them»
I t  must be remembered in  any s tudy  u sin g  an im als, th a t  
th e  in d iv id u a l  v a r ia t io n s  amoung su b je c ts  can add a source 
o f  e r r o r  th a t  i s  very  d i f f i c u l t  to  analyze (Cass, 1961),
A more comprehensive tre a tm e n t of th e  morphometry o f the  
lu n g  has been w r i t te n  by Vfeibel ( 1963) and the  au th o r r e f e r s  
you to  t h i s  work fo r  more in fo rm atio n .
CHAPTER V
THERÎ50LUI.ÎINESCENT DOSBIETRY
5 .1  P h y s ica l P rocess
Thermoluminescent dosim etry  i s  ra p id ly  becoming one 
o f th e  most common methods o f  m easuring dose due to  io n iz in g  
r a d ia t io n s .  A d e s c r ip tio n  o f  the p h y s ic a l p rocess o f thermo- 
lum inescence i s  background in fo rm ation  in  a study of th i s  
n a tu re  s in c e  therm olum inescent m a te r ia ls  a re  used as th e  
d osim etry  system .
The fundam ental th eo ry  o f thennolum inescence i s  n o t 
f u l l y  knovm, bu t th e  p h y s ic a l  p rocess i s  q u a l i ta t iv e ly  
u n d ers to o d . For a  d e ta i le d  d isc u ss io n  o f  therm olum inescent 
d o sim etry , one i s  r e fe r re d  to  the  works of Fowler and A tt ix  
( 1966) and Cameron (1968) .  An o u tlin e  o f therm olum inescence 
i s  g iven f o r  th e  rea d e rs  convenience.
As io n iz in g  r a d ia t io n  in te r a c t s  w ith  m a tte r , th e  p re ­
dominant p ro cesses  a re  io n iz a t io n  and e x c i ta t io n  o f the  
o r b i t a l  e le c tro n s , In  a compound such as lith iu m  f lu o r id e ,  
th e  io n ized  e le c tro n s  and th e  a sso c ia te d  f r e e  ho les can be 
trap p ed  in  a  m etas tab le  energy  s t a te  in  th e  c ry s ta l .  These 
t r a p s  a re  a t  th e  s i t e s  o f d e fe c ts  in  th e  c ry s ta l  l a t t i c e .
The e le c tro n s  and th e  h o les  a re  held by th e  Coulomb's fo rc e  
to  th e  l a t t i c e  d e fe c ts . The e le c tro n s  and th e  holes can 
escape th e  t ra p s  and the  p ro b a b i l i ty  o f escap ing  th e  t ra p s  
i s  dependent upon th e  tem p era tu re , I f  th e  energy d if fe re n c e  
between th e  m etas tab le  s t a t e  and th e  energy bands i s  la rg e
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enough, th e  t r a p s  v / i l l  only be emptied a t  e lev a ted  tem pera­
tu r e s ,  This i s  th e  case vfith lith iu m  f lu o r id e ,  f o r  which th e  
energy d if fe re n c e  between the  valence band and the  conduction 
band i s  about 12 eV,
The tem perature  n ecessa ry  to  empty th e  tra p s  w i l l  be 
determ ined by th e  d if fe re n c e  in  energy between the  t r a p  and 
th e  conduction  band. This i s  on th e  o rd er o f  a few eV,
When th e  t r a p  i s  emptied a t  a tem perature th a t  i s  h ig h e r  
than  room tem p era tu re , i . e , , th erm ally  e x c ite d , th i s  causes 
th e  e le c tro n -h o le  p a i r s  to  re tu rn  to  ground s t a te ,  Thermo­
lum inescence occurs when th e  e le c tro n s  trapped  a t  th e  anion 
vacan c ies  recombine w ith  th e  h o le s . In the  p rocess o f  
r e tu rn in g  to  th e  ground s t a t e ,  a c h a r a c te r i s t ic  l ig h t  i s  
given o f f .  This th e rm a lly  s tim u la ted  production  of l i g h t  
i s  known as th e  p ro cess  of therm olum inescence, A schem atic 
of th e  p ro cesses  involved in  thermoluminescence dosim etry  
i s  shovm in  f ig u re  5 . 1 .
A p lo t  o f  l i ^ t  ou tp u t v s . tem pera tu re , showing th e  
lum inescence peaks i s  c a lle d  a glow curve. As the  tem pera­
tu re  o f th e  phosphor i s  in creased  by h e a tin g , the  p ro b a b i l i ty  
of r e le a s e  o f e le c tro n s  from a m etastab le  s t a t e  in c re a s e s , 
when th e  tem perature  reach es  the  req u ire d  l e v e l ,  one le v e l  
of m etas tab le  s ta te  t r a p s  w i l l  empty and give o ff  a c h a r­
a c t e r i s t i c  l i g h t .  As th e  tem perature  con tinues to  r i s e ,  
o th e r  m e ta s ta b le  t r a p s  w i l l  empty w ith  a d d it io n a l  l i g h t  
peaks. I t  has been found th a t  th e re  a re  f iv e  such peaks
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X o r y ray s
Conduction band
Valence band
l ig h t
a) I r r a d ia t io n  b) H eating
F igu re  5«1 P rocesses involved  in  therm olum inescence dosim etry
(a ) I r r a d ia t io n  produces f r e e  e le c tro n s  and h o le s . The 
e le c tro n s  a re  f re e  to  t r a v e l  th rough  th e  s o l id  in  th e  conduc­
t io n  band u n t i l  they  a re  e i t h e r  trap p ed  (b lack  d o ts )  o r  f a l l  
back in to  the  valence band w ith  th e  em ission o f  l i g h t .
(b) On subsequent h e a tin g  the  trapped  e le c tro n s  a re  g iven 
s u f f i c i e n t  therm al energy to  escape from the  t r a p s ,  and upon 
r e tu rn  to  th e  valence band (and recom bination  w ith  a h o le ) 
th ey  em it l i g h t .  (A tt ix , 1966)
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f o r  l i th iu m  f lu o r id e ,  A ty p ic a l  glow curve i s  shown in  
f ig u re  5*2 f o r  l i th iu m  f lu o r id e ,  Zimmerman ( 1966) has found 
t h a t  a f t e r  i r r a d i a t i o n , th e  f iv e  lith iu m  f lu o r id e  peaks w i l l  
decay e x p o n e tia l ly  a t  room tem p era tu re , w ith  the  fo llo w in g  
h a l f - l iv e s  ; peak o n e . . .  f iv e  m inu tes, peak tw o .. .  te n  h o u rs , 
peak t h r e e . . .  one h a l f  y e a r , peak f o u r . . .  seven y e a r s ,  and 
peak  f i v e . . .  e i ^ t y  y e a rs .
The- ra te - a t  which therm olum inescence i s  re le a se d  from 
li th iu m  f lu o r id e  is*dependen t upon th e ' tem p era tu re , The 
thermolumineao-enir e n e rg y  lo s s  o f  th e  main glow peak i s  about 
f iv e  p e rc e n t  p e r-y e a r  a t  room tem pera tu re . The lo s s  i s  
in c re a se d  to  a h o u t 1'5^ a t  body tem pera tu re . These lo s s e s  
were noted  by Cameron ( 196^ ) .  Due to  th ese  r e l a t i v e ly  
sm a ll lo s s e s  o f  therraolum inescence a t'b o d y  tem p era tu re , 
s tu d ie s  t h a t  in v o lv e  only a few days to  complete do n o t
need to  be c o rre c te d  f o r  decay.
5 .2  Energy Dependence
The e f f e c t iv e  atom ic number o f lith iu m  f lu o r id e  i s  
8 .1 4 . This compares w ith  7 .64  fo r  a i r  and 7.42 f o r  t i s s u e .  
A t en e rg ie s  above a few hundred KeV th e  r a t i o s  o f th e  mass 
a b so rp tio n  c o e f f ic ie n ts  f o r  l i th iu m  f lu o r id e ,  a i r ,  w a te r , 
and t is s u e  vary  r e l a t i v e ly  l i t t l e  w ith  photon energy, so 
th e  l ith iu m  f lu o r id e  dose response  can be considered  a 
v e ry  c lo se  approxim ation  o f  th e  dose rece ived  by equal
volumes o f  th ese  m a te r ia ls  exposed under s im ila r  c o n d itio n s .
At photon e n e rg ie s  o f th e  range o f 25 KeV and low er.
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Figure 5.2 Typical glow curve of LIF (Zimmerman, 1966)
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th e  p h o to e le c tr ic  energy a b so rp tio n  p rocess predom inates 
and i s  h e a v ily  dependent upon th e  atomic number o f  the  media. 
This means th a t  th e  Z number, i s  th e  im portan t f a c to r  in  
r a d ia t io n  in te ra c t io n s  below 25 KeV, Since l i th iu m  f lu o r id e  
has a h ig h e r Z number th a t  t i s s u e ,  i t  i s  known th a t  th e re  
i s  a  marked energy dependence in  th e  range o f r a d ia t io n  
e n e rg ie s  encountered in  t h i s  p r o je c t .  C avity  th eo ry  would 
p r e d ic t  some over response a t  e n e rg ie s  below 100 KeV as 
compared to  c o b a lt-60 photons (Cameron, 1968) , The lower 
energy c h a r a c te r i s t i c  X -rays o f technetium-99m may over 
respond by 355 ,^ In c reased  response  w i l l  a lso  be th e  case 
f o r  degraded l40 KeV photons o f technetium -99m , A graph 
of th e  response  o f l ith iu m  f lu o r id e  v s , photon energy i s  
shown in  f ig u re  5 .3  (Cameron, I968).
Due to  th is  energy dependence in  the dosim eter resp o n se , 
i t  w i l l  be n ecessa ry  to  c a l ib r a te  th e  dosim eters d i r e c t ly  
a g a in s t  technetium-99m  and c o b a lt-6 0 , C obalt-60 i s  custom arily  
used a s  a s tandard  f o r  c a l ib r a t io n .
5.3  In s tru m en ta tio n
The l ith iu m  f lu o r id e  dosim eters  a re  read  in  a thermolumi­
n escen t dosim eter re a d e r . The in strum en t i s  e s s e n t ia l ly  a 
l i g h t  m easuring device  th a t  su p p lie s  c o n tro lle d  h ea t to  the  
dosim eter.
To read  the  d o sim ete r, i t  i s  p laced  in  th e  s i l v e r  
h e a tin g  pan o f the  re a d e r . When th e  h ea tin g  cy c le  i s  s t a r t e d , 
i t  w i l l  h e a t ,  but n o t record  th e  low peaks th a t  co n ta in  no
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Figure 5-3 Thermoluminescent Response of LIF Below 1.2 MeV.
27
u s e fu l  in fo rm ation . This i s  c a lle d  a p reh e a t c y c le . When 
th i s  p o rtio n  of the  cycle  i s  com plete, the  tem pera tu re  i s  
q u ick ly  ra is e d  to  th e  readou t tem pera tu re . The re a d e r  w i l l  
then  record  the  l ig h t  output from th e  h ig h e r energy t r a p s .  
This l ig h t  i s  sensed by the  p h o to m u ltip lie r  tube and i s  
converted  to  c u rre n t. This c u rre n t  i s  then  converted  to  
p u lse s  which a re  in te g ra te d  over the  read o u t tim e and r e g i s ­
te r e d  on th e  readou t d isp la y . Such an o p e ra tio n a l procedure  
a ssu re s  th a t  only th e  more s ta b le ,  h ig h e r tem pera tu re  peaks 
a re  used f o r  a sse ss in g  dose. The h e a tin g  cycle  used was the  
c y c le  th a t  was recommended by th e  m anufactu rer f o r  l ith iu m  
f lu o r id e  and i s  shown in  f ig u re  5 '^ .
For low background m easurements, i t  has been found by 
Ai Ik  en e t  a l ,  ( 1967) th a t  oxygen tends to  in c re a se  th e  
coun ting  r a t e .  This i s  due to  su rfa ce  t r a p s  and oxygen 
h o ld in g  the  e le c tro n s  in  a  s tro n g e r  bond. This w i l l  cause 
t r a p s  th a t  should have been emptied in  th e  p reh ea t cy c le  
to  empty a t  the  h igher tem perature  peak causing  the  rea d ­
o u t to  be h ig h e r than expected.
To minimize th is  e f f e c t ,  a n itro g e n  purge i s  recommended 
f o r  low dose measurements. The m anufacturer recommends th a t  
a  n itro g e n  purge o f 0 ,5  l i t e r s  p e r m inute be used f o r  dose 
read o u ts  below ten  ra d s . In  t h i s  s tudy , th e  dosim eters were 
encapsu la ted  in  g la s s , th e re fo re ,  the  n itro g e n  purge was 
unnecessary .
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Figure 5.4 LiF Readout Cycle for Model TLR—5 Thermoluminescent Dosime ter Reader
(Eberline Inst. Co., 1969)
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5 .4  Annealing; P rocedures
Most a n n ea lin g  p rocedures have been d eriv ed  from the  
work o f Zimmerman o t  a l .  (1966) and Cameron ( 1968) .  P re- 
i r r a d i a t i o n  a n n ea lin g  c y c le s  t h a t  have gained wide acceptance 
a re  to  p lac e  the  d o sim ete rs  in  an oven f o r  one hour a t  400 t  
25°C. This w i l l  empty a l l  o f  th e  t r a p s  in  th e  phosphor. The 
d o sim eters  a re  then  removed from th e  oven and allov/ed to  cool 
f o r  20 m inutes a t  room tem p era tu re . The n e x t s te p  o f  the  
a n n e a lin g  p rocedure  a rra n g e s  th e  t r a p s  so th e  190°C peak 
w i l l  p redom inate . This s te p  p la c e s  th e  dosim eters in  an 
oven f o r  24 hours a t  80 -  2°C, At th e  end o f t h i s  tim e 
p e r io d , th e  d o sim ete rs  a re  cooled to  room tem pera tu re  and 
used ,
A f a s t e r  cy c le  has been developed by Beck ( I 968) ,  I t  
has th e  advantage o f e s s e n t ia l ly  th e  same s e n s i t i v i t y  w ith 
l e s s  tim e . H is p rocedu re  c o n s is ts  o f  p la c in g  th e  dosim eters 
in  an oven a t  400°C f o r  15 m in u tes , then  cool to  room temper­
a tu re  f o r  15 m in u tes , and then  p lace  the  d osim eters in  an 
oven a t  100°C f o r  two hours. This cy c le  a rra n g es  th e  t ra p s  
in  a manner s im ila r  to  th e  p re v io u s ly  m entioned c y c le .
To annea l ou t th e  low tem pera tu re  peaks b e fo re  read o u t, 
a l40°C p re -h e a t  c y c le  i s  used . This p re -h e a t cy c le  i s  
recommended by E b e rlin e  In strum en t Company s p e c i f i c a l ly  
f o r  l i th iu m  f lu o r id e ,
5*5 Cavity Theory
The measurement o f  energy absorbed in  m a tte r  t h a t  i s
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exposed to  r a d ia t io n  n e c e s s i ta te s  th e  in tro d u c tio n  o f a 
m easuring device in  the  medium. In  p r a c t ic e ,  t h i s  device 
i s  d i f f e r e n t  in  bo th  atom ic number and d e n s ity  from the 
medium, so i t  w i l l  c re a te  a d is c o n tin u i ty , v/hich i s  re fe r re d  
to  a s  a cavitj»’. C avity th eo ry  development has been summar­
ized  by B u rlin  ( 1968). The theory  was developed assuming 
th a t  th e  c a v i ty  dimensions- were e i th e r  sm all o r  la rg e  as 
compared to  th e  range o f  th e  secondary e le c tro n s ,
B erger (1971) has c a lc u la te d  the  90 p e rc e n t i le  range 
f o r  e le c tro n s  in  w a ter. For l40 KeV e le c tro n , th e  range in  
w a te r i s  0,187 mm. The average secondary energy would be 
much le s s  than  t h i s ,  and th e  corresponding ran g e , then , 
would be g r e a t ly  reduced,. The dosim eter used in  t h i s  study  
has a d iam eter o f  0 ,8  mm and i s  6 mm in  le n g th . T herefo re , 
f o r  ra d ia t io n s  from technetium -99m, th e  dosim eter c a v ity  i s  
la rg e  as compared to  th e  range o f th e  secondary e le c tro n s , 
This means th a t  th e  r e l a t iv e  c o n tr ib u tio n  to  th e  t o t a l  
energy is  sm all from th e  a re a s  ly in g  c lo se  to  th e  boundary. 
For th e  r e s t  o f  th e  c a v i ty , th e  energy ab so rp tio n  i s  due to  
the  p ro p e r t ie s  of the  c a v ity  m a te ria l only .
In  th e  case o f gamma ra y s , energy a b so rp tio n  in  the 
c a v i ty  i s  due to  th e  mass energy ab so rp tio n  c o e f f ic ie n t  of 
the  c a v ity  absorbed dose in  the  medium a lso
i s  p ro p o r tio n a l  to  the mass energy ab so rp tio n  c o e f f ic ie n t  
o f th e  medium
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The in c re a se  in  th e  value o f the  mass energy ab so rp tio n  
c o e f f i c i e n t ,  w ith  d e c rea s in g  energy f o r  l ith iu m  f lu o r id e ,  
i s  g r e a te r  than  th e  in c re a se  in  the  mass energy a b so rp tio n  
c o e f f ic ie n t  f o r  t i s s u e .  This i s  due to  the  h ig h er atom ic 
number o f lith iu m  f lu o r id e  than  t i s s u e .  This w i l l  le a d  to  
an over response  o f l i th iu m  f lu o r id e  th a t  i s  n o t l i n e a r  w ith  
d e c re a s in g  energy.
CHAPTER VI
ABSORBED DOSE CALCUUTIONS
6 .1  In tro d u c tio n
The c a lc u la t io n  o f  absorbed dose may be accom plished 
by v a rio u s  methods. Many of th e  methods a re  seem ingly 
d i f f e r e n t .  Smith (1 9^5 )  has done much work in  th e  a re a  o f  
absorbed dose c a lc u la t io n s ..  He s t a t e s  t h a t  th e  tech n iq u es  
u s in g  absorbed f r a c t io n s  a re  more r e l i a b le  than  o th e r  methods 
used  in  a s s e s s in g  absorbed dose.
F ig u re  6 .1  shcrtvs th e  com plicated sp e c tra  of r a d ia t io n s  
em itted  by  technetium-99m.. Due to  th e  numerous r a d ia t io n s ,  
i t  i s  ex trem ely  d i f f i c u l t  to  a r r iv e  a t  an e a s i ly  c a lc u la b le  
method o f  a s s e s s in g  th e  absorbed dose . The MIRD method o f  
c a lc u la t in g  the  absorbed dose ta k e s  in to  account 20 r a d ia t io n s  
th a t  c o n tr ib u te  to  dose from teohnetiu ra-99m and a re  no ted  in  
ta b le  one.
The method used in  th i s  study  v/as th e  method o f u s in g  
th e  absorbed f r a c t io n  a s  described  by Loevinger and Berman 
(1968) , These re p o r ts  have been condensed by Smith e t  a l , , 
in to  th e  M edical I n te r n a l  R adiation  Dose Committee (MIRD), 
v/hich a re  p u b lish ed  as supplements to  the  Jo u rn a l of N uclear 
M edicine.
The photon absorbed f ra c t io n  (^) is  th e  f r a c t io n  of 
th e  em itted  photon energy absorbed in  the reg io n  o f i n t e r e s t .  
The absorbed f r a c t io n  i s  sp e c if ic  f o r  the so u rce , th e  ab so rb er 
geom etry, th e  photon energv”, and th e  in te rv e n in g  m a te r ia l,
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Figure 6.1 Spectrum of the radiation emitted in the decay of technetium-99ra 
Electron lines are dashed and capped with open circles. ÎPhotons are solid lines, 
Many X-rays have been omitted for the sake of clarity. Auger electrons have 
line spectra that are crowded closely in the low-energy region of the spectrum.
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Table 1. Values to  c a lc u la te  the  t o t a l  lung  dose f o r  ^ ^ T c  
Mean^^ergy ^
0.0021 0.0000 1.0000 0,0000
0.0017 0.0036 1 .0000* 0.0036
0.1405 0.2643 0.0496 0.0131
0.1195 0.0225 1.0000* 0.0225
0.1377 0.0032 1.0000* 0.0032
0.1401 0,0011 1. 0000* 0.0011
0.1427 0.0001 0 .0496  0.0000
0.1217 Q..0025 1.0000* 0.0025
0.1399  0.0009 r .oooo*  0 .0009
0.1423 0.0003 1.0000* 0.0003
0.0184 0.0017 0.5100 0 .0009
0.0184 0.,0008 0.5100 0.0004
0.0206 0.0005 0 .4750 0.0002
0.0210 0.0001 0 .4750 0.0000
0.0024 0.0000 1. 0000* 0.0000
0.0155 0.0005 1.0000* 0.0005
0.0178 0.0002 1.0000* 0.0002
0.0202 0,0000 1 . 0000* 0.0000
0.0019 0.0004 1. 0000* 0.0004
0.0004 0.0010 1 . 0000* 0.0010
= O.O508
^Beta l ik e  components, jzf = 1
Data from D illm an (I969) & Snyder 
and Ford (I969) MIRD
35
The absorbed f r a c t io n s  fo r  th e  MIRD work a re  c a lc u la te d  
by means o f Monte C arlo tech n iq u es . The techn ique u t i l i z e s  
e q u a tio n s  f o r  photon s c a t te r in g  and ab so rp tio n  as a p ro b a b i l i ty  
d i s t r ib u t i o n .  A computer sam pling i s  follow ed through 40,000 
to  60,000 in te r a c t io n s  in  th e  m a te r ia l  o f i n t e r e s t .  The 
absorbed  f r a c t io n  i s  ob ta ined  by adding th e  energy th a t  has 
been l o s t  in  v a rio u s t a r g e t  volumes. A th rough  d isc u ss io n  
i s  g iven  by Brovmell ( 1968) .
6 .2  Lung Dose C a lc u la tio n
The p re se n c e  of th e  scann ing  agent in  th e  lung  r e s u l t s  
in  a dose to  th e  lu n g , th u s , v/e have a  case o f  s e l f  i r r a d ia t io n .  
The form ula fo r  s e l f  i r r a d ia t io n  i s ;
D ( vf»v) = C ^ A j^ ;^ (v e v )  rad
Where:
D ( v ^ v )  Mean absorbed  dose (rad ) th e  t a r g e t  volume,
V, re c e iv e s  from th e  source d is t r ib u te d  in  
th e  t a r g e t  volume, v,
✓w
C Cumulated c o n c e n tra tio n  of the  a c t iv i t y  in
volume, V, in /^ C i-h r /g .
^  . E qu ilib rium  absorbed dose c o n s ta n t f o r  r a d ia t io n
o f  type  i ,  where i  = 1, 2 , 3 , . . . ,  w ith  a f r a c t io n a l  
f r e q u e n c y p e r  d i s in te g r a t io n ,  and a mean 
energy , nEi_, in  m il l io n  e le c tro n  v o l ts  p e r  
d is in te g r a t io n .  A  j, = 2.13 r i i^ i  g - r a d s /^ C i -  
h r ,  2 .13  i s  a  u n i ts  conversion  f a c to r .
^  i ( v ^ v )  The photon absorbed f r a c t io n  o r the q u o tie n t  
o f  th e  energy from the  i"^^ type  of r a d ia t io n  
in  th e  so u rc e , v,' absorbed in  yplume,- v ,' 
d iv id ed  by th e  energy o f the  i"^^ type o f 
r a d ia t io n  em itted  by th e  source in  volume, v .
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The d a ta  in  ta h le  one i s  th e  o u tp u t d a ta  of a l l  the  20 
d i f f e r e n t  e n e rg ie s  of r a d ia t io n  th a t  a re  given o f f  in  th e  
decay of technetium -99m . Table one shoves th a t  th e  b e ta  l ik e  
components c o n tr ib u te  2 .48 tim es as much dose as does th e  
pho tons. This was found by a  r a t i o  o f the  absorbed f r a c t io n s  
o f  th e  b e ta  component compared to  th e  gamma component. The
photon dose i s  28.75^ of th e  t o t a l  lung  dose,
The c a lc u la t io n  o f th e  dose to  th e  human lung  from 
tec h n e tiu m -99m i s  dem onstrated in  th e  fo llow ing  example.
The c a lc u la t io n  i s  f o r  s tan d ard  man vreighing 70 k ilogram s.
The lung  weighs 1 .4 ^  o f body w eight o r  1,000 grams. The 
lu n g  has a d e n s ity  o f approxim ately  0 .3  grams p e r  cubic 
c e n tim e te r . The methods o f  th e  M edical In te rn a l  Dose Committee 
(MIRD) o f  th e  S o c ie ty  o f N uclear M edicine are  used to  c a lc u la te  
th e  dose to  th e  lu n g  from a  tech n etiu m -99m la b e lle d  scanning  
ag e n t. I t  was assumed th a t  th e re  was a 100^ uptake by th e  
lu n g  o f  th e  scann ing  ag en t.
N in ty -f iv e  p e rc e n t o f the  b e ta  l ik e  em issions from 
technetium -99m  a re  stopped in  0.0321 cm. This v/ould in d ic a te  
t h a t  very  l i t t l e  o f the  b e ta  l ik e  component would escape th e  
lu n g  and th e  assum ption t h a t / =  1 i s ,  th e re fo re , v a lid .
To so lv e  f o r  th e  cumulated c o n c e n tra tio n , the  fo llow ing  
eq u a tio n  i s  used:
t ,
C(t)  = /  ■ C( t )  d t  / ( C i / g
' t .
Where;
C(t)
t 2 - t i
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The co n ce n tra tio n  in  ^ C i / g ,  o f th e  ra d io ­
n u c lid e  in  th e  t is s u e  a t  anytim e, t ,  in  
h o u rs , fo r  v/hich the  absorbed dose i s  being 
c a lc u la te d .
The tim e in te r v a l  ( in  hours) f o r  which th e  
absorbed dose is . being c a lc u la te d .
Where;
C j(0 )
T
J e f f
'c ( t )  = ^ y  G(t )  d t  = l . ^ £ c . ( 0 )  T. ^ i - h r / g
A j  J e f f
I n i t i a l  co n cen tra tio n  in /T C i/g ,
E f fe c t iv e  h a l f - l i f e  of agent in  hours.
I f  we assume t h a t  the  b io lo g ic a l  h a l f - l i f e  i s  la rg e  as 
compared to  the  s ix  hour h a l f - l i f e  of technetium -99ra, then 
the  e f f e c t iv e  h a l f - l i f e  approaches s ix  hours. The e f f e c t iv e  
h a l f - l i f e  i s  found by the  fo llo w in g  equation :
Te f f
^phy  ^ ^bio 
^phy + ^bio
This assum ption would lead  to  th e  la r g e s t  p o ss ib le  dose to  
the  lu n g . In  e f f e c t ,  we assume th a t  th e  iso to p e  a c t iv i t y  
d ecreases only by r a d io a c t iv e  decay and n o t by the b io lo g ic a l  
removal p ro c e sse s , such as break-up of th e  p a r t i c l e s  fo llow ed 
by t h e i r  removal by blood flov/ o r o th e r  b io lo g ic a l  p ro ce sse s .
S tu d ies  by P icken (1970) and o th e rs  in d ic a te  th a t  the 
b io lo g ic a l  e lim in a tio n  r a te  f o r  s u lfu r  c o llo id s  i s  on the
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o rd e r  o f  s ix  hou rs. This r a t e  i s  no ted  f o r  th e  removal o f  
705S o f th e  a g g re g a te s . The s ix  hour component o f the  h a l f -  
l i f e  s tu d y , v/hich l a s t s  f o r  72 hours i s  th e  most im p o rtan t, 
hacause l i t t l e  o f th e  dose would he rece iv ed  hy th e  lung  
a f t e r  t h i s  tim e .
F o r th e  case  o f  th e  s ix  hour e f f e c t iv e  h a l f - l i f e :
C = 1 ,M  X lA C i/g X 6 h r  = 8 ,64  Æ i - h r / g  
T h is g iv es  us a l l  th e  in fo rm atio n  to- s u b s t i tu te  in to  
th e  dose e q u a tio n  to  c a lc u la te  th e  lung  dose f o r  th e  case  
o f th e  s i x  hour e f f e c t iv e  h a l f - l i f e ,
D (v<r^v) = y^(v<»v) -  439 mrad/mCi
I f  we assume a  s ix  hour b io lo g ic a l  h a l f - l i f e ,  the  
e f f e c t iv e  h a l f - l i f e  would now be th re e  hours and the  dose 
to  th e  lu n g  w i l l  be o n e -h a lf  a s  mu ch since  th e  e f f e c t iv e  
h a l f - l i f e  substi-fcutes d i r e c t ly  in  th e  dose eq u a tio n . The 
dose f o r  th e  th re e  hour e f f e c t iv e  h a l f - l i f e  to  th e  lung  i s  
219 mrad/mCi, The value  o f  219 mrad/mCi ag rees very  w e ll 
w ith  th e  va lue  de rived  by P icken (1970) of 210 rarad/raCi,
He made h is  c a lc u la t io n  u s in g  more c la s s ic a l  e q u a tio n s ,
6 ,3  24 Hour Dose C a lc u la tio n
In  t h i s  s e c t io n ,  the  b a s ic  equation  used to  c a lc u la te  
th e  dose w i l l  be m odified  to  give a  dose to  the  lung o f 
s ta n d a rd  man f o r  a period  o f 24 hours a f t e r  th e  in je c t io n .  
The c a lc u la t io n  w i l l  be made to  g e t a p e rcen t o f i n f i n i t e  
dose. Note t h a t ,  when t  = 24 hours and T^^^ = 3 h o u rs , th e
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fraction o f the  a c t i v i t y  undergoing decay i s  equal to ;
/  -  0.693 X t  \
( 1  -  e y  = 1 -  e = 0.996
Thus, a f t e r  e ig h t  e f f e c t iv e  h a l f - l iv e s ,  v e ry  l i t t l e  
a c t i v i t y  i s  l e f t ,  and th e  rem aining p o ss ib le  dose i s  very  
sm a ll. In  f a c t ,  99»6?^  o f th e  t o t a l  dose i s  given du ring  
th e  f i r s t  24 hour p e r io d . The dose during  the  24 hours 
p e rio d  would be 218 mrad/raCi,
CHAPTER V II
EXPERIMENTAL DESIGN
7 ,1  Choice o f  D osim eter
S ev era l forms o f therm olum inescent dosim eters v/ere 
considered  f o r  t h i s  s tu d y . L ithium  f lu o r id e  h igh  s e n s i t iv i t y  
ro d s made by Harshaw Chemical Company (TL-100) were c o n s id e r­
ed f i r s t  due to  th e  h igh  p re c is io n  a t  low dose. They measure 
1 X 1 X 6  mm. T h e ir main d isadvantage i s  th a t  th ey  a re  
so lu b le  in  w ater to  th e  e x te n t o f  2 ,7  grams p e r l i t e r  o f  
w a ter. The su rfa c e  e tc h in g  caused by t h e i r  s o lu b i l i ty  
d e s tro y s  some of th e  l i g h t  em ission p ro p e r tie s  and le a d s  
to  poor r e p r o d u c ib i l i ty ,  Spuring  (1971) i s  working on th e  
use o f l ith iu m  f lu o r id e  powder in  aqueous s o lu t io n s . There 
a re  s t i l l  s e v e ra l problem s involved in  recovery , and a t  
p re se n t th ese  r e s u l t s  would n o t be a p p lic a b le  to  a s tudy  in  
b io lo g ic a l  system s. Even i f  a l l  the  problems in  S p u rin g 's  
s tudy  could be so lv ed , t h e i r  use in  b io lo g ic a l system s would 
be p rec luded  by th e  t o x i c i t y  o f th e  l ith iu m  f lu o r id e  to  
b io lo g ic a l  system s.
Due to  th ese  p rob lem s, the  dosim eters would need to  be 
encapsu la ted  to  p re v e n t t h e i r  coming in to  d i r e c t  c o n ta c t w ith  
body f lu id s .  A f te r  e n c a p su la tio n , the s i z e  of th e  Harshaw 
TL-100 rods would be 2 X 7 mm. In  o rd er to  be c a r r ie d  as f a r  
as p o ss ib le  in to  th e  pulmonary a r t e r i e s , a  sm all dosim eter 
was d e s ira b le ,  For t h i s  rea so n , th e  encapsu lated  rods were 
e lim in a ted  in  fav o r o f  a  sm a lle r  dosim eter. This v;as a llow ab le
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s in c e  th e  planned doses in  the  study  were to  be of the  o rder 
o f te n  to  tv/enty rad s to  th e  lung . Doses in  th is  range a re  
r e l a t iv e ly  easy to  m easure, even w ith  very  sm all dosim eters .
At th i s  s tag e  o f dosim eter in v e s t ig a t io n ,  th e  m icro- 
dosim eter made by E dgerton ,' Germeshansen, and G rie r , Inc ,
(E G & G) was co n sid ered , These d osim eters  con ta in  0,25 
m illig ram s o f l ith iu m  f lu o r id e  dosim eter grade powder encap­
su la te d  in  g la s s , The g la s s  has a w a ll th ick n ess  o f  0,18 mm.
The m icro -dosim eter m easures 0 ,8  mm in  d iam eter and i s  6 mm 
in  le n g th . This sm all s iz e  was very  d e s ira b le  due to  th e  ease 
o f in je c t io n ,  and in c re a se d  p e n e tra t io n  in to  sm a lle r a r t e r ie s  
in  th e  lung . The more a r t e r i e s  u t i l i z e d ,  th e  b e t t e r  w i l l  be 
th e  d is t r ib u t io n  o f the  dosim eters through the  lung . The main 
s a c r i f i c e  was fo r  h igh  p re c is io n  a t  low dose measurements.
These m icrodosim eters a re  capable o f  m easuring one rad  + 20#, 
S ince th e  planned doses were much more than  one r a d ,  th e  accuracy 
was considered  s u f f i c i e n t .  The m agnitude of o ther v a r ia tio n s  
u s u a l ly  encountered in  b io lo g ic a l  experim ents of th is, n a tu re  ' 
i s  l i k e l y  to  be more s ig n i f ic a n t  th an  dosim eter v a r ia t io n .
7 ,2  Dosim eter C a lib ra tio n
Since therm olum inescent dosim etry  i s  n o t a system of 
a b so lu te  measurement, b u t only  a measure o f r e la t iv e  r e s ­
ponses, a  system of comparison of th e  measured dose to  a 
known dose must be made. The b e s t  method i s  to  expose a 
p o r tio n  o f the  ba tch  to  a  knovm dose o f r a d ia t io n  and o b ta in  
an average c a l ib r a t io n  f a c to r  f o r  th e  e n t i r e  batch .
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The s tan d ard  used f o r  c a l ib r a t io n  was a coba lt-60  t e l e ­
th e rap y  u n i t .  To c a l ib r a te  the  d o sim e te rs , 25 were p laced  
in  a phantom and exposed u sin g  a 10 X 10 cm f ie ld  a t  80 cm 
SSD (source to  sk in  d is ta n c e )  f o r  a  known period  o f  tim e .
The exposure used was approx im ate ly  50 roen tgens, A ppropriate  
roen tgen  to  rad  conversion , b a c k s c a t te r ,  and percen t d e p th - 
dose f a c to r s  were used to  convert to  dose in  rads (Johns, I 969). 
Readout g ives an average response in  TL (therm olum inescent) 
u n i ts  p e r  cobalt-60  d ose . An example o f a c a l ib ra t io n  i s  given 
in  th e  appendix. Table A,
S ince a marked energy dependence has been noted f o r  
l ith iu m  f lu o r id e  in  th e  energy range o f technetium -99m, i t  
was n ecessa ry  to  ob ta in  d i r e c t ly  th e  r a t i o  o f the te c h n e tiu m -99m 
response  p e r rad  to the  C0-60 response  p e r  ra d . I t  should  be 
no ted  th a t  the  0 . I 8 mm g la s s  w all should  exclude a l l  th e  b e ta  
l ik e  r a d ia t io n s  o f 99^Tc as the  range fo r  a 0.12 MeV k in e t ic  
energy e le c tro n  i s  0.09 mm. This means th a t  only th e  gamma 
dose would be measured.
The dosim eters were c a l ib ra te d  d i r e c t ly  in  a s o lu t io n  
c o n ta in in g  a knovm amount o f . technetium -99m . The a c t i v i t y  
o f  th e  ^ ^ T c  used in  t h i s  experim en ta l procedure v/as measured 
by a Mediae I I  dose c a l ib r a to r .  T his instrum ent has a  s ta te d  
accuracy  o f b e t t e r  than one p e rc e n t. The instrum ent was 
c a l ib ra te d  d a ily  w ith  a s tan d ard  radium  sou rce . F ac to rs  
were a ls o  used to  c o r re c t  f o r  sy rin g e  f i l l  and s iz e .
The need f o r  d i r e c t  c a l ib r a t io n  i s  ap p aren t, due to
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c a v ity  th eo ry  p re d ic t io n s  o f a  sm all over response
a t  l40 KeV, a s  compared to  co b alt-6 0  photons (Cameron, I 968) ,
The low er energy c h a r a c te r i s t i c  X-rays and degraded photons 
p re s e n t in  a  m a te r ia l  w i l l  lead  to  an even h ig h e r over r e ­
sponse, The in c re a se d  response a t  low e n e rg ie s  (20 KeV) 
i s  35 to  40^ h ig h e r  th an  fo r  c o b a lt  pho tons.
To c a l ib r a t e  the  dosim eters w ith  ^ ^ T c ,  a c y lin d e r  of 
p le x ig la s s  was c o n s tru c te d , having a ra d iu s  of f iv e  cm, and a 
h e ig h t of 20 cm. The volume o f  th i s  c y lin d e r  was 1570 ml.
Volumes o f o n e -h a lf  and one-q ,uarter t h i s  s iz e  were a lso  used 
by red u c in g  th e  f lu id  h e ig h t in  the  c y lin d e r . The dosim eters 
were he ld  a t  th e  c e n t r a l  p o in t o f  the  c y lin d e r  by cellophane 
ta p e . These a rc  s ta n d a rd  s iz e d  c y lin d e rs  f o r  which values o f 
th e  absorbed f r a c t io n s  have been c a lc u la te d  u s in g  a  Monte 
C arlo com puter program and pub lished  by MIRD (Brownell e t  a l , ,
1968).
The absorbed  dose d e liv e re d  a t  th e  c e n t r a l  p o in t of a 
ta r g e t  c o n ta in in g  a  un ifo rm ly  d is t r ib u te d  source i s  g re a te r  
than  th e  average  absorbed dose. By a p p ly in g  th e  dose re c ip ro c it;-  
theorem (Brovm ell e t  a J . , , 1968) ,  the  s p e c i f ic  absorbed f r a c t io n  
a t  th e  c e n te r  o f  a  uniform  d is t r ib u t io n  o f a c t i v i t y  can be 
c a lc u la te d  by d iv id in g  the  a p p ro p ria te  c e n t r a l  p o in t source 
absorbed f r a c t io n  by th e  t a r g e t  mass. The dose re c ip ro c i ty  
theorem s t a t e s  th a t  th e  absorbed dose d e liv e re d  to  a  po in t 
from a uniform -volurae d i s t r ib u t io n  o f a c t i v i t y  i s  equal to  th e  
average absorbed dose d e liv e re d  to  th a t  volume by the  same
#amount o f  a c t i v i t y  concen tra ted  a t  th a t  p o in t .  This was th e  
b a s is  f o r  computing th e  c e n tra l  p o in t dose in  th e  c y lin d e rs .
In  a l l  p rocedu res , a  p r e - i r r a d ia t io n  an n ea lin g  c y c le , 
as proposed by Cameron e t  a l , ,  (1964) has been used , This 
method i s  to  anneal the  dosim eters in  an oven a t  400°C fo r  
one hour. T his empties a l l  the t r a p s  in  th e  l ith iu m  f lu o r id e .  
The d osim eters a re  cooled 20 m inutes to  room tem peratu re  
b e fo re  be in g  p laced  in  an o th e r oven f o r  24 hours a t  80°C,
This annea l l e t s  the t ra p s  arrange them selves so the  190°C 
peak p redom inates and th e  low tem perature  t r a p s  c o n tr ib u te  
as l i t t l e  as. p o ss ib le  a t  read o u t. Also to  low er the  con­
t r ib u t io n  from th e  low energy t r a p s , the  read o u t procedure 
recommended by E berling  Instrum ent Company ( 1967) v/as used .
I t  in c o rp o ra te s  a l4o°C p re -h e a t anneal b e fo re  read o u t.
Background v/as su b tra c te d  and a l l  : do sim eters in  a  b a tch  
were read o u t a t  the  same tim e.
7 .3  A ir  C a lib ra tio n
The m icro -dosim eters were a lso  c a l ib ra te d  in  a i r  to  f in d  ' 
th e  response  to  th e  technetium -99n photons. This was then  
compared to  th e  response from c o b a lt-6 0 . Technetium-99m 
i s  commonly Quoted as having a s p e c i f ic  gamma ra y  co n stan t 
of 0 .56 R-cm '/m Ci-hr §  1 cm. However, one must co n sid er th e
18.3 KeV K X -rays from th e  in te rn a l  conversion  p rocess 
which adds 0.02 R-cmVmCi-hr 9 one cm. The 20.6 KeV K X- 
ray s  from in te r n a l  conversion adds an o th e r 0 ,12 R-cm^/mCi- 
h r  §  one cm. This makes th e  s p e c i f ic  gamma ra y  c o n stan t f o r
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technetiun-99m  0* 70 R-cm^/mCi-hr ® one cm (Sm ith, 1964),
The dosim eters were h e ld  ten  cm from a  p la s t i c  tube 
co n ta in in g  ^ ^ T c  p r e c ip i t a te .  The p r e c ip i ta te  occupied a 
volume o f l e s s  than  o n e -h a lf  ml in  a  th in  rounded bottom 
p la s t i c  v i a l .  This arrangem ent-approxim ated a p o in t source. 
The dosim eters were he ld  a t  te n  cm on both s id e s  of the v ia l  
by cellophane tap e .
At te n  cm le s s  than  one p e rc e n t of th e  exposure was 
a tte n u a te d  by a i r .  The amount o f a tte n u a tio n  from th e  g la s s  
w a ll and th e  th in  w a ll  o f th e  p l a s t i c  v ia l  was a lso  sm all. 
These f a c to r s  were considered  in  th e  a i r  c a l ib r a t io n  of the  
d osim eters .
7 .4  E xperim ental Procedures
The lung  scanning  agen t used was developed by Ficken 
(1970) . The agent was a technetium -99^ la b e lle d  s u lfu r  
m acro-aggregate. The s u l f u r  m acro-aggregate (SM) was p re ­
pared in  th e  N uclear M edicine la b o ra to ry  of th e  H o sp ita ls  o f  
th e  U n iv e rs ity  o f Oklahôma H ealth  Sciences C en ter, To p repare  
th e  ag en t, a  v i a l  c o n ta in in g  technetium-99ra was brought to  a  
volume o f 4-| ml by th e  a d d it io n  o f  s a l in e .  To th is  one ml 
o f a m ixture o f g e la t in ,  sodium p e rrh e n a te , and sodium th io -  
s u l f a te  was added. One ml o f  HCl was added and the  so lu tio n  
was heated 15 m inutes in  an o i l  b a th  a t  100°C, Then two ml 
o f b u f fe r  and one ml o f g lu te ra ld e h y d e  so lu tio n  were added. 
This m ixture was p laced  in  th e  100°C o i l  b a th  and v ig o ro u sly  
shaken fo r  th re e  m inu tes. The agen t was then  washed twice
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and a  p a r t i c l e  s iz e  d e te rm in a tio n  made, A c u ltu re  to  check 
f o r  s t e r i l i t y  i s  made i f  th e  agen t i s  used f o r  humans, The 
agen t was in je c te d  through an 18 gauge n eed le  slow ly to  p re ­
ven t p a r t i c l e  breakup.
F o r a human scan , -Hie in je c te d  agen t co n ta in s one to  
th re e  m ill io n  ag g reg a tes  w ith  a  s iz e  d i s t r ib u t io n  between 
f iv e  and t h i r t y  m icrons in  d iam ete r. A ggregates o f t h i s  s iz e  
w i l l  lodge in  th e  lung  v a sc u la tu re  on the  f i r s t  pass through 
th e  lu n g . The p a r t i c l e s  t h a t  a re  too  sm all to  lodge in  the  
lung  a re  trapped  by  th e  l i v e r .  The in je c t io n  of sm a lle r  
p a r t i c l e s  than  th o se  used  in  lung  sc an s , t h a t  pass through 
th e  lu n g , i s  th e  b a s is  f o r  th e  l i v e r  scan.
In  th i s  s tu d y , m ongrel dogs o f  th e  s iz e  range of 15 to  
25 k ilogram s were used . The dogs were a n e s th e tiz e d  w ith  
sodium p e n to b a rb ita l  a t  th e  r a t e  o f  one ml p e r  f iv e  pounds 
o f body w eight. Sodium p e n to b a rb ita l  was used in s te a d  of 
n e b u ta l to  give a two to  th re e  hour p erio d  o f complete 
a n e s th e s ia . This allow ed a  p e rio d  o f time s u f f ic ie n t  to  
r a i s e  th e  ju g u la r  v e in , i n j e c t  th e  scanning  a g en t, i n je c t  
th e  d o sim e te rs , t i e  o f f  th e  ju g u la r ,  and to  c lo se  the  
in c is io n  where the  ju g u la r  was r a i s e d .  A f te r  the  ju g u la r  
was t ie d  o f f ,  th e  ju g u la r  on th e  o p p o site  s id e  o f the  body 
was a b le  to  c a rry  th e  t o t a l  blood flow  s a t i s f a c to r i l y .
There was then tim e to  t r a n s p o r t  th e  dog to  do a lung  scan 
and to  g e t him back to  th e  anim al compound b efo re  the  anes­
th e s ia  was gone,
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The scanning agen t was in tro d u ced  in to  th e  cep h a lic  
v e in  of th e  fo re le g . The l e f t  o r r i g h t  ju g u la r  was r a is e d  
and p o s itio n e d  to  in tro d u ce  the  d o sim eters  im m ediately a f t e r  
th e  in je c t io n  o f  the  scanning a g en t. The reason  f o r  i n t r o ­
ducing th e  dosim eters a f t e r  the  scann ing  agent was because 
o f  the  l a r g e r  s iz e  o f th e  dosim eter. They could b lock  th e  
p re c a p i l la ry  a re a  o f  th e  lung . This blockage v/ould p reven t 
th e  scanning agen t from g e tt in g  in to  th e  c a p i l la r y  a re a s  o f 
th e  lung v a sc u la tu re  and would lea d  to  a  poor d is t r ib u t io n  
o f the  scanning  agen t. A lso , th i s  could  cause an erroneously  
high dosim eter read in g  because th e  p a r t i c l e s  would be in  
d i r e c t  c o n ta c t w ith  th e  dosim eters .
The amount o f  iso to p e  in je c te d  depended upon th e  dose 
d e s ired  to  the  lung . In  in te r n a l  s tu d ie s  of t h i s  ty p e , i t  
was accep tab le  to  in je c t  much more agen t than  in  a human scan 
improving the  dosim eter accuracy . For a  human scan f iv e  
m il l ic u r ie s  i s  used w ith  technetium-99m la b e lle d  ag g reg a te s , 
V/e used about 50 mCi p e r dog.
S tu d ies  by D arn e ll ( 1967) in d ic a te  th a t  the  anatom ical 
p o s it io n  o f the  dog w i l l  change th e  d i s t r ib u t io n  o f the  
scanning agen t and o f the  in je c te d  do sim ete rs . S tu d ie s  by 
G laz ie r ( 1967) a lso  s t a te  th a t  ^gravity and, th u s ly , body 
p o s itio n  w i l l  cause d if fe re n c e s  in  re g io n a l  blood flow .
This po in ted  out the  need fo r  a uniform  in je c t io n  p o s it io n  
f o r  both in je c t in g  the  lung scanning  agen t and th e  subse­
quent dosim eter in s e r t io n .
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The exac t p o s i t io n  o f  the  anim al was determ ined a t  the  
tim e o f  th e  p rocedure . This was d ic ta te d ,b y  th e  s u rg ic a l  
p rocedures n ecessa ry  to  expose th e  ju g u la r  vein  needed to  
i n s e r t  th e  dosim eters . A pproxim ately ti,'/enty dosim eters 
v;ere used p e r dog. This was approx im ate ly  one dosim eter 
f o r  every  te n  grams of lu n g  t i s s u e .  I t  a ls o  must be remembered 
th a t  s in c e  th e  ju g u la r  was t ie d  o f f  a f t e r  the in s e r t io n  o f the 
d o s im e te rs , an adequate f lu s h  of s a l in e  was needed to  g e t 
them to  th e  h e a r t  to  be pumped in to  th e  lung ,
7 ,5  Recover?/ o f D osim eters
Twenty fo u r hours a f t e r  th e  in je c t io n  of th e  scanning  
a g e n t, and th e  in s e r t io n  o f  th e  d o s im e te rs , the dog was 
s a c r i f i c e d .  This was accom plished by u s in g  tw ice the  dose 
of sodium p e n to b a rb ita l ,  a s  used f o r  a n e s th e s ia . This was 
a v e ry  humane d ea th .
At th e  tim e o f  death  th e  lungs were removed. Many o f 
th e  dosim eters could be found in  th e  lung  t is s u e  by p a lp a ta t io n .  
The rem ain ing  dosim eters were recovered  u s in g  an ac id  d ig e s tio n  
of th e  rem aining  lu n g  t i s s u e .  On some o f the  dogs, each lobe 
o f th e  lu n g  v/as removed and se p a ra te ly  d ig es ted  to  g e t th e  
d i s t r ib u t io n  o f th e  d osim eters in  the  lung .
7 i 6 E ffe c t iv e  H a lf-L ife D eterm ination
The need fo r  e x ac t d e te rm in a tio n  o f th e  e f fe c t iv e  h a l f -  
l i f e  in  th e  lung o f  th e  ag en t was o f prime importance in  
th e  c a lc u la t io n  and measurement o f  absorbed dose to  th e  lung . 
A f te r  th e  lung  scanning  ag en t was in je c te d ,  the anim al was
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p laced  u n d e r an An^er camera and counts were made a t  t h i r t y  
m inute in te r v a l s  through two e f fe c t iv e  h a l f - l i v e s , The 
r e s u l t s  were p lo t te d  and th e  e f fe c t iv e  h a l f - l iv e s  determ ined. 
D uring th e  coun ting  tim e s , th e  l iv e r  and sp leen  a re a  was 
sh ie ld e d  v/ith  a le a d  sh e e t to  p reven t the  a c t i v i t y  in  th e  
l i v e r  and sp leen  from in te r f e r in g  w ith  th e  d e c rea s in g  lung  
a c t i v i t y .
7 ,7  Dose From L iv e r  To lu n g
A f te r  th e  scann ing  agen t i s  in je c te d  in to  th e  lu n g , 
some o f th e  agen t beg ins to  be removed by s e v e ra l  p ro cesses  
to  th e  l i v e r  and sp le en . This can c o n tr ib u te  a s ig n i f ic a n t  
dose to  th e  lung . To determ ine the  dose to  th e  lung  from 
th e  a g e n t in  th e  l i v e r ,  a technetium-99m s u l f u r  m acroaggre­
gated  l i v e r  scanning  agen t was in je c te d . The dose from th e  
l i v e r  a g en t to  th e  lung  was recorded on dosim eters in je c te d  
in to  th e  lung .
By c o r re c t in g  th i s  measured number f o r  th e  r a t e  of 
up take  by th e  l i v e r ,  we can s u b tra c t  t h i s  va lue  from th e  
measured lu n g  dose to  g e t th e  value o f dose to  th e  lung  
from th e  agen t in  th e  lung  (th e  case o f  s e l f - i r r a d i a t i o n ) .
CHAPTER V II I
EXPERBIENTAL RESULTS
8 ,1  In  V itro  Measurements
To analyze the  r e s u l t s  o f the  dog lung  measurements, 
i t  was necessarjr to  c a l ib r a te  th e  d osim eter response p e r 
rad  to  technetium -99ra photons r e l a t iv e  to  c o b a l t-6o response 
p e r  ra d . This was done by computing th e  dose d e liv e re d  to  
th e  c e n t r a l  p o in t  o f  c y lin d e rs  o f te n  cm in  d iam eter and 
f i v e ,  te n , and tw enty cm in  h e ig h t. The c e n tra l  p o in t  
absorbed f r a c t io n s  f o r  th e se  c y lin d e rs  were taken from d a ta  
compiled by Brovmell e t  a l„ ,  ( 1968) ,  The method o f  c a lc u la ­
t io n  i s  id e n t ic a l  to  th e  c a lc u la t io n  o f  lu n g  dose. The 
measured va lue  o f dose ag rees w ith  th e  c a lc u la te d  gamma dose 
p lu s  in c re ased  response due to  the  low energy component. This 
d a ta  su p p o rts  th e  f a c t  th a t  th e  b e ta  l i k e  r a d ia t io n s  were n o t 
measured due to  the g la s s  en cap su la tio n  o f the  l ith iu m  f lu o r id e  
powder.
The 20 cm high c y lin d e r  was found to  give an over response 
o f 33 + a s  compared to  th e  response  p e r rad  of c o b a lt. I t  
should be no ted  th a t  th e  e r r o r  f ig u re s  a re  g iven a s  2 one 
s tan d a rd  d e v ia tio n  from th e  mean. As th e  h e ig h t o f  the  c y lin ­
d e rs  was decreased , th e  r e l a t i v e  over response  was a lso  found 
to  be decreased . This was because few er degraded photons 
reached th e  d o sim eters , should be m entioned th a t  the  mean 
f r e e  p a th  o f a 140 KeV photon i s  6, 6? cm in  u n i t  d e n s ity  t is s u e  
( E l l e t t  and Humes, 1971).
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A t a c y lin d e r  s iz e  o f f iv e  cm in  h e ig h t and te n  cm in  
d iam eter I the  over response  was found to  he about f iv e  p e rc e n t. 
The 375 gram mass o f th e  c y lin d e r  i s  a  very rough app rox i­
m ation o f  th e  270 gram dog lu n g . The a i r  over response was 
found t o  be abou t seven p e rc e n t. The va lues f o r  th e  measured 
over response  v s ,  mass a re  shorn  in  f ig u re  8 ,1
From th e  d a ta ,  i t  vfould be expected  th a t  th e  over 
response  va lue  f o r  a mass th e  s iz e  o f  a  dog lung  would be 
approx im ate ly  f iv e  p e rc en t a s  compared to  c o b a lt-6 0 . This 
f a c to r  o f  f iv e  p e rc e n t was used  to  c o r r e c t  th e  ^^Co c a l i ­
b ra t io n s  fo r  th e  in c re ased  response  o f  lith iu m  f lu o r id e  to  
low energy pho tons, A ty p ic a l  TLD c a l ib r a t io n  i s  shown in  
th e  appendix ,' Table A.
8 ,2  TLD Recover?,r
The dosim eters were recovered  from the  lu n g  t i s s u e  
by p a lp a ta t io n  and a c id  d ig e s tio n  of th e  lung  t i s s u e .  The 
reco v ery  p a t te rn  of fo u r  dogs i s  shov/n in  Table 2 , The lung  
was removed and each lo b e  o f  th e  lu n g  placed  in  a beaker f o r  
ac id  d ig e s tio n  to  f in d  th e  number of dosim eters in  each lo b e . 
Two o f th e  dogs had th e  l e f t  ju g u la r  r a is e d  and th e  o th e r 
two had th e  r i g h t  ju g u la r  r a i s e d .  By r a i s in g  th e  ju g u la r  
and tu rn in g  th e  head w h ile  in s e r t in g  th e  dosim eters ,' th e re  
was a d e f in i te  dovmside lu n g . This le a d  to  a h igh p e rcen t 
o f dosim eters in  the  dovmside lu n g . But when a l l  dogs were 
considered  i t  was shov/n th a t  th e re  v/as n e a r ly  an even d i s t r i ­
b u tio n , During th e  course  o f  th e  experim ent o n e -h a lf  o f the
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Left Jumilar Raised
Left Lung
Dog number
53
Table 2 , Dosimeter Location
Right Lung
Apical
Cardiac
Diaphagmatic
0
2
2
0
1
2
Apical
Cardiac
Diaphagmatic
Intermediate
1
13
0
0
7
5
3
0
Total 4- 3 i4- 15
Right Jugular Raised
Left Lung Right Lung
Dog number 3 4 - 3 4-
Apical 10 6 Apical 0 0
Cardiac 1 3 Cardiac 0 0
Diaphagmatic 5 2 Diaphagmatic 0 0
Intermediate 0 2
Total i6 11 0 2
Total recovery on four dogs;
Right Lung 34-
Left Lung 31
54
dogs had dosim eter in s e r t io n  on th e  r i g h t ,  a n d  th e  o th e r  h a lf  
on th e  l e f t .  T his was done to  average th e  e f f e c ts  o f the  
downside lung when th e  dosim eters were in d u c ted ,
3 .3  H a l f - l i f e  D eterm ination
The e f f e c t iv e  h a l f - l i f e  o f th e  lung scanning  agen t was 
determ ined by p lo t t i n g  co u n t r a te s  of th e  a c t i v i t y  over the  
lu n g s . Counts were tak e n  a t  30 minute in te r v a l s  th rough  tv;o 
e f f e c t iv e  h a l f - l iv e s .  The e f f e c t iv e  h a l f - l i f e  v/as found to  
be 2 .7  ±  0„5 hou rs. A ty p ic a l  h a l f - l i f e  d e te rm in a tio n  i s  
shov/n in  the  appendix , Table A.
8 .4  Dose From L iv e r To Lung
Some of th e  dose to  th e  lung  t is s u e  r e s u l t s  when the  
la b e l le d  agg rega te  i s  c le a re d  from the lu n g  in to  th e  l i v e r  
and sp le e n  p r im a r ily  (F icken , 1970). In  th e  human, the  
l i v e r  dose to  th e  lung  from th e  lung  scanning  ag en t v / il l  
c o n tr ib u te  12 mr/mCi in je c te d  (Synder e t  a l . ,  1969) . The 
c a lc u la te d  human lu n g  dose was 63 mr/mCi. This shows th a t  
This shov/s th a t  about 20^ more dose i s  rec e iv e d  by th e  lung 
from th e  agen t going to  the  l i v e r .
The dose from th e  l i v e r  to  th e  lung v/as found by in je c t in g  
tv/o dogs v /ith  l i v e r  scan n in g  agen t and th en  in s e r t in g  the  TLD's 
in to  th e  lung . The dose to  the  lung  from the  l i v e r  v/as found 
to  be 63 mr/mCi to  th e  lu n g , bu t due to a lo n g e r up take  time 
of th e  lung  ag en t by th e  l i v e r ,  th e  dose to  th e  lu n g  from 
the  l i v e r  by th e  scann ing  agen t was found to  be 34,7  Î  16 
mr/mCi. This c a lc u la t io n  i s  shov/n in  the  appendix . Table B,
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8 .5  In  Vivo Measurements
In  th e  course  of t h i s  experim ent, 11 mongrel dogs 
were used . The dogs w eight ranged from 11,8 to  2 4 ,]  k i lo ­
grams w ith  an average væ ight of l8 ,5  k ilo g ram s. The dogs 
were in je c te d  w ith  between 25 and 75 m i l l ic u r ie s  of te c h -  
netiun-99m  la b e lle d  s u l f u r  m acroaggregated lung  scanning 
a g en t. Lung scans showed th a t  th e  a g en t was lodged in  the  
lu n g , A ty p ic a l  lung scan  i s  shov/n in  f ig u re  8 ,2 ,
N in ty -f iv e  p e rcen t o f the  amount in je c te d  v/as assumed 
to  lodge in  th e  lu n g , th e  o th e r f iv e  p e rc e n t goes through 
th e  lung  in to  th e  l i v e r  (F icken, 1970). These f ig u re s  were 
th e  b a s is  o f the  measured gamma dose to  th e  lu n g  p e r m i l l i -  
c u r ie .  The average measured gamma dose to  the  lung  was 
found to  be 180 -  15 m il l i r a d  p e r  m i l l ic u r i e  lodged in  the  
lu n g . This d a ta  i s  shown in  Table ] ,  A ty p ic a l  measurement 
i s  shown in  the  appendix . Table. A,
8 .6  C a lc u la tio n  of Lung Dose
The c a lc u la t io n  o f the  dose to  th e  lung  o f standard  
man was o u tlin e d  in  C hapter VI, This c a lc u la t io n  was fo r  
bo th  th e  b e ta  l ik e  and th e  gamma absorbed dose. In  t h i s  
s tu d y , th e  b e ta  l ik e  r a d ia t io n s  v/ere n o t measured due to  
th e  type o f dosim eter used . The gamma dose r e f l e c t s  only 
28 ,7^  of the  t o t a l  va lue  or 6 ] ,1  m il l i r a d  p e r m il l ic u r ie  
in je c te d .
These c a lc u la t io n s  assume in s ta n ta n e o u s  uptake o f the
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Figure 8 ,2  Dog Lung S c in tip h o to
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Table 3» Measured Dog Lung Gamma Dose
V/eight TLD's raCi rad s  mrad/mCi T
Kg recovered  in je c te d  hours
i 6,5 to 72.5 14.0 i 0.7 191
11.8 14 4o.6 9.0 i 0.8 223
13.7 20 43.4 13.2  ± 0.6 304
19.7 4 52 .0 7.8  + 1.3 148
20.4 19 46.5' 9.0 Î 0.5 193
24.3 19 65 .4 11.0 t 0.7 168
19.5 15 26.4 3.1 i 0.5 118 1.45
20.0 14 34.7 7.1 t 0.8 205 4 .15
16.8 11 38.2 4.7  Î 0.6 124 2.25
20.4 18 55.8 12.9 ± 1.1 231 3.55
20.4 18 57.8 9.7 Î 0.7 167 2.05
‘he d a ta i s  co rrec ted  to  r e f le c  
Average dog v;eight ; 
E ffe c tiv e  h a l f - l i f e  
Average gamma dose :
t  ^ ^ T c  = 1.05  ^°Co.
= 18.5  Kg 
= 2 ,7  t  0.5  hours 
= 180.5 Z 14.7 rcrad/mCi.
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la b e lle d  ag g reg a tes  and in s tan tan e o u s  im p la n ta tio n  o f  the  
dosim eters  in  the  lu n g . C o rrec tio n s  were needed f o r  these  
tim es and were d ic ta te d  by th e  tim e invo lved  a t  th e  tim e of 
the  experim ent. I t  must be remembered th a t  th e se  percen tages 
were c a lc u la te d  f o r  s ta n d ard  man. A lso , th e  c a lc u la te d  dose 
shown in  Chapter VI was f o r  th e  case o f  s e l f  i r r a d i a t i o n  of 
th e  lu n g  by th e  scann ing  ag en t.
S ince no Monte C arlo c a lc u la t io n  was a v a i la b le  f o r  a 
lung  th e  s iz e  of th e  dog, a n o th e r  method o f a b ta in in g  absorbed 
dose was needed. The method used was to  tak e  th e  ta b u la r  
va lues o f  absorbed f r a c t io n  co rrespond ing  to  mass m in  a  
u n i t - d e n s i ty  medium, which w i l l  correspond to  a mass o f 
in  a  medium o f  d e n s ity  ( Brownell ^  a l . , 1968) . The 
d e n s ity  tran s fo rm a tio n  r u le  s t a t e s  th a t  a l l  param eters w ith  
dim ensions in  which mass and le n g th  occu r a s  an in te r g r a l  of 
(mass /  le n g th  ) ,  a re  independent o f mass d e n s i ty , provided 
th a t  th e  d is ta n c e  between a l l  p a ir s  o f  p o in ts  in  o r on the 
su rfa c e  o f each reg io n  i s  c o n s ta n t in  terras o f mass p e r  u n i t  
a re a  (L oevinger and Berman, I 968) . T his means th a t  i f  the 
volume i s  de fined  such th a t  th e  d is ta n c e  from the  source to  
every p o in t  o f the  volume i s  co n s tan t in  g/crn^ , then  the  
absorbed f r a c t io n  i s  independent of d e n s i ty ,  and the  mass i s  
in v e rs e ly  p ro p o r tio n a l to  th e  d e n s i ty  squared . The lung  has a 
d e n s ity  o f  0 ,32  g /c c . The ta b u la r  v a lu e s  in  th e  ta b le  w i l l  the-.
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A
in c re a se d  by a f a c to r  o f  about ten(m/ 4  = m /0,1 = 10m). The 
r e s u l t s  o f  th e se  gamma dose c a lc u la t io n s  a re  summarized in  
Table 4 .
U sing th e  co n v ers io n , th e  ta b u la te d  v a lu es o f absorbed 
f r a c t io n  f o r  human lung  was found. In  t h i s  case , a f l a t  
e l l i p s o id  o f a mass of 1,000 grams and a  d e n s ity  of 0 ,32 
(which corresponds to  a  100 gram mass u n i t  d e n s ity  m a te r ia l)  
was assumed t o  be e q u iv a le n t to  th e  human lu n g . The dose 
was found to  be 68,2 mrad/mCi, This va lue  i s  in  reaso n ab le  
agreem ent w ith, th e  63.1 mrad/mCi c a lc u la te d  from th e  more 
re f in e d  Monte Carlo techn ique  d isc u sse d  p re v io u s ly .
The same method was employed u s in g  absorbed f r a c t io n  
v a lu e s  f o r  a  u n i t  d e n s ity  e l l ip s o id  o f a mass of 26 grams 
f o r  c a lc u la t in g  th e  dose to  th e  dog lung .
The w e i^ i t  o f the  dog lu n g  in  th e  c a lc u la t io n  was based
on th e  assum ption th a t  th e  lung  weighs 1 ,4^  o f body w eigh t.
The average  dog w eight was 18,5 k ilo g ram s. This g ives an
e s tim a te d  lu n g  w eight o f  259 gram s. This c a lc u la t io n  g ives 
a dose o f  12? mrad/mCi. "he e f f e c t iv e  h a l f - l i f e  v/as found 
to  be 2 .7  _ 0 .5  hou rs. T h is v a lu e  v/as used in  the c a lc u la t io n  
o f  th e  dog lung  gamma dose.
The doses were c a lc u la te d  u s in g  ta b le s  o f  absorbed 
f r a c t io n s  w ith  a b a c k s c a t te r  medium su rround ing  the volumes 
o f  i n t e r e s t .  These v a lu e s  a re  p u b lish ed  by th e  MIRD ( E l l e t t  
and humes, 1971) and a re  f o r  f l a t  e l l ip s o id s  w ith  a  p r in c ip le  
a x is  r a t i o  o f one to  two to  fo u r .  The f l a t  e l l in s o id  more
Gamma ^i ^ i
Human 
/  / ^ i
100 g ellipsoid 2 6  g ellipsoid 
flf
1 0,0021 0,0000 1.0000 0,0000 1.0000 0.0000 1.0000 0.0000
2 0.1405 0.2643 0,0496 0 , 0 1 3 1 0 . 0 5 3 0 0.0140 0 . 0 2 7 0 0 . 0 0 7 2
3 0,1427 0.0001 0 . 0 4 9 6  0 . 0 0 0 0 0 . 0 5 3 0 0.0000 0 . 0 2 7 0 0,0000
x-rays
Kx-1
K x-2
Kf-1
Kp-2
L
0.0184 
0.0163  
0 , 0 2 0 6  
0,0210  
0,0024
0.0017  
0.0008 
0 . 0 0 0 5  
0.0001  
0.0000
Human Lung (self irradiation) 
Human (as 100g ellipsoid)
Dog (as 26 g ellipsoid)
0.5100
0 . 5 1 0 0
0.4750
0.4750
1 ,0 0 0 0
0.0009 
0.0004 
0 .0 0 0 2  
0.0001  
0,0000
0.4500
0 . 4 5 0 0
0 . 4 5 0 0
0 . 4 5 0 0
1 .0 0 0 0
0.0012  
0.0004 
0.0002 
0.0001  
0.0000
0.4000
0.4000
0.4000
0.4000
1 .0 0 0 0
0 . 0 0 0 7
0 . 0 0 0 3
0.0002
0.0000
0.0000
^  Ac “ 0,0146 ^  ^  0 , 0 1 5 8  ^  y / I f  0,0084
1.44 X 1.000/dCi X 3 hr X 0,0146 - O.O6 3 I rad - 6 3 .1 mr/mCi.
i'.obo g
1.44 X 1.000/<Ci X 3 hr X 0,0158 - 0.0682 rad - 68.2 mr/mCi,
1,000 s
1.44 X l.OOO^Ci X 2.7 hr X 0,0084 - 0,1270 rad- 127 mr/mCi.
2 5 9  g
Table 4 Calculation of Dose
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c lo s e ly  approxim ates the  lu n g  than  th a t  o f o th e r  common 
geom etric s hapes.
8 .7  C a lcu la ted  and Measured Dose
The gamma dose to  the  dog lung v/as c a lc u la te d  to  be 
127 m rad/nCi, The measured gamma dose to  th e  lung  was
180.5 i  14.7 rarad/mCi, The dose c o n tr ib u te d  to  th e  lung  
from th e  l i v e r  v/as found to  be 3^*7 i-  I 6 mrad/mCi, This 
g ives a  gamma dose to  the dog lung  o f  145.8 t  22 mrad/mCi 
f o r  th e  agen t in  the  lung  g iv in g  a  dose to  the  lung ,
8 .8  D iscussion  of E rro rs
The s ta n d a rd  d e v ia tio n  o f the  mean o f the  thermolum­
in e sc e n t dosim eter read in g s on a t y p ic a l  c o b a lt c a l ib ra t io n  
was found to  be 6,59^ (a  dose o f  approxim ately  50 r a d s ) .
The s tandard  d e v ia tio n  of th e  mean o f th e  TLD's used in  a 
ty p ic a l  dog ru n  was found to  be o f th e  mean w ith  a  dose 
of te n  ra d s . Thus, th e  Tld s tan d a rd  e r r o r  was found to  be 
\ / ( 6 . ^ ) “ + (6 . 5 )^ = 9,Zfo in  th i s  p a r t i c u l a r  ru n .
A nother m ajor source o f v a r ia t io n  in  th i s  experim ental 
va lue  v/as th e  b io lo g ic a l  v a r i a b i l i t y  between th e  dogs. This 
v a r ia t io n  was undoubtedly, a l s o ,  r e f le c te d  in  th e  8 ,1^  
stan d ard  d e v ia tio n  o f the  mean o f th e  measured dose o f  180 
m rad/nCi, The range in  the  measured dog lung  dose v/as from 
118 to  30^ mrad/mCi,
When comparing th e  c a lc u la te d  va lue  o f 127 mrad/mCi to  
the  measured va lue  o f l4 5 ,8  m rad/nC i, s e v e ra l  f a c to r s  should 
be considered . I t  should f i r s t  be recogn ized  th a t  the
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measured dose i s  approxim ately  15^ h ig h e r  than  th a t  o f the  
gamma dose c a lc u la t io n  u sin g  th e  method and ta b u la r  va lues 
of absorbed f r a c t io n s  o f MIRD f o r  an e l l ip s o id  th e  s iz e  of the 
dog lung  surrounded by a s c a t t e r  medium,
A source o f sy stem atic  e r ro r  th a t  must be considered  
in  th e  c a lc u la tio n  i s  th a t  th e  lung v/eight o f th e  dog was 
e stim ated  a t  1.4^ o f  body w eigh t. E rro r  in  t h i s  value w i l l  
change the  c a lc u la te d  dose in v e rse ly  to  a v/eight change,
Tenny ( I 963) has found th a t  betv/een sp e c ie s  the  lung  volume 
i s  p ro p o rtio n a l to  lung  v/eight. The f a c to r  1 ,4^ was used 
because the  70 kilogram  standard  man has a  lung  w eight of 
1,000 grams, which i s  1,4^ o f body v /eigh t. The lung w eights 
were n o t  measured in  t h i s  experim ent due to  th e  many problems 
involved  in  doing t h i s  a c c u ra te ly . S ev era l f a c to r s  such 
a s  th e  type o f d e a th , how much blood i s  l o s t ,  d e f la t io n ,  
e t c , , may cause erroneous va lues f o r  th e  measured w eight of 
th e  lung .
Another source o f e r ro r  in  computing th e  lung  dose 
a r i s e s  from th e  f a c t  th a t  th e  method used f o r  th e  dog lung 
assumes th a t  the  shape i s  th a t  of a f l a t  e l l ip s o id  u s in g  a 
d e n s ity  c o rre c tio n . In  the human lung c a lc u la t io n , th e  
va lu es obtained  u sin g  th e  e l l ip s o id a  1 c a lc u la t io n  and the  
Monte Carlo c a lc u la t io n  d i f f e r  by about e ig h t p e rc e n t. The 
f l a t  e l l ip s o id  i s  n o t as  accu ra te  as th e  f u l l  Monte C arlo 
tec h n iq u e , bu t in  th e  case o f  the  dog lu n g , i t  was th e  b e s t 
a v a i la b le  method.
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A p o s s ib le  measurement e r r o r  could r e s u l t  from an 
over response  which may be l a r g e r  than  th e  f iv e  p e rc e n t used 
to  c a lc u la te  th e  rad  dose. L ithium  f lu o r id e  can have an 
over response  to  low energy photons as la rg e  a s  40^ a s  
compared to  co b a lt-6 0  (Cameron, I 968) ,  This can a ls o  be 
seen in  f ig u re  8 ,1  f o r  the  w a te r c a l ib r a t io n .  For th e se  
m easurem ents, th e re  was l i t t l e  b a c k s c a tte r  m a te r ia l , which 
would be most a c c u ra te  i f  th e  dog lung  were o u ts id e  th e  
body, b u t  due. to  th e  body su rround ing  th e  lu n g , th i s  f a c to r  
may noir be- c o r r e c t .  The degraded photons be in g  s c a t te r e d  
back: to  th e  dosim eters cou ld :be  a reason  f o r  th e  dosim eter 
s e n s i t iv i ty - p e r - r a d  be in g  la r g e r  than  was used , With the  
d i f f i c u l t i e s  o f de te rm in ing  lu n g  w eight and s i z e ,  a more 
a c c u ra te  assessm ent o f  t h i s  c o rre c tio n  was n o t a ttem p ted .
The e f f e c t  o f th e  la rg e  v a ria n c e  in  th e  b io lo g ic a l  
h a l f - l i f e  would le a d  to  a  d isc repancy  betv/een experim en tal 
and th e o r e t i c a l  v a lu e s . I f  th e  agen t v/ere to  re s id e  in  the  
lung  lo n g e r than  expec ted , t h i s  would in c re a s e  th e  e f f e c t iv e  
h a l f - l i f e .  I f  th e  e f f e c t iv e  h a l f - l i f e  v/ere to  approach the  
s ix  hour p h y s ic a l h a l f - l i f e ,  i , e , , i f  th e  agen t rem ained in  
th e  lung  i n d e f in i t e ly ,  a  doubling  o f th e  absorbed dose would 
occur.
The b io lo g ic a l  h a l f - l i f e  o f  th e  agen t v/as found to  be
4 ,9  hours ( e f f e c t iv e  h a l f - l i f e  o f  2 .7  1 0 ,5  h o u rs ) . Ficken
( 1970) found a  s ix  hour b io lo g ic a l  h a l f - l i f e  f o r  t h i s  agen t 
by l a b e l l in g  th e  s u l f u r  m acroaggregate w ith  DeLand
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(1966) has found the  ‘b io lo g ic a l h a l f - l i f e  o f th e  m acro- 
agg regated  a l'bunin  lung  scanning agen t to  range from fo u r 
to  12 hours w ith  a mean o f e ig h t h o u rs , F u rth  e t  a l . ,  ( 1965) 
have re p o rte d  s ix  hours as th e  ‘b io lo g ic a l  h a l f - l i f e ,  and 
A biston  and Wagner (1964) re p o r t  c le a ra n c e  h a l f - l iv e s  from 
th re e  to  seven h o u rs . I t  should be p o in te d  ou t t h a t  a l l  of 
th e s e  numbers a re  n o t f o r  the  same a g e n t. N e v e rth e le ss , 
i t  i s  ev id en t t h a t  th e re  i s  v a r i a b i l i t y  in  th e  d a ta  on 
b io lo g ic a l  h a l f - l iv e s .
CHAPTER IX 
CONCLUSIONS
The measurement o f  th e  gamma dose to  th e  lu n g  from 
technetium -99ra la b e l le d  lu n g  scanning agg regates was found 
to  be 1^5.8 i  22 mrad/mCi, This compares to  a c a lc u la te d  
v a lu e  o f 127 mrad/raCi. In  an  e a r l i e r  in  vivo s tu d y  by 
D a rn e ll  (196?)» a  v a lu e  o f t o t a l  dose o f . 70 mrad/mCi was 
measured»
in  c o n s id e rin g  th e  p re v io u s ly  mentioned f a c to r s  in  
a s s e s s in g  th e  c a lc u la te d  and measured dose by u s in g  th e  b e s t 
a v a i la b le  fa c to rs ,,  we m ust conclude:
1 . There i s  no s i g n i f i c a n t  d if fe re n c e  between th e  
c a lc u la te d  and th e  measured gamma dose a t  th e  
95% le v e l  o f  s ig n i f ic a n c e ,
2 , The high v a r i a b i l i t y  o f  h a l f - l i f e  shows t h a t  the  
in d iv id u a l  dose can d e v ia te  g r e a t ly  from th e  mean,
3» There i s  an u n c e r ta in ty  in  the  b a c k s c a tte r  from 
surround ing  t i s s u e  t h a t  needs to  be more a c c u ra te ly  
a sse ssed , This a ls o  a f f e c t s  th e  q u a l i ty  o f  r a d ia t io n  
th a t, s t r ik e s  th e  d o sim ete r,
4 , The dose to  th e  l i v e r  and sp leen  i s  s ig n i f ic a n t
and c o n tr ib u te s  s ig n i f ic a n t ly  to  th e  t o t a l  lu n g  dose,
5. The micro-TLD*s can be used to  g e t a c c e p ta b le  r e s u l t s  
in  v iv o ,
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APPENDIX
Table A. T ypical Measurement and C a lc u la tio n
D osim eter C a lib ra tio n
The dosim eters  were exposed in  a  phantom to  a 10 X 
10 cm f i e l d  @ 80 cm SSD f o r  20 seconds. The s h u t te r  e r ro r  
was -  0 ,6  seconds. The fo llov;ing  equation  g iv es a dose in  
ra d s :
152,5 R/min X 0,882 decay c o rre c tio n  X 0,966 R to  rad  X 
1.035 b a c k s c a t te r  f a c to r  X = ^3*5 r a d s .
TL readou t Background TL
1 498 10 495 1 8
2 690 11 765 2 19
3 384 12 384 3 26
4 662 13 409 4 28
5 391 14 532 5 28
6 520 15 422 6 26
7 485 16 507 7 28
8 610 17 322 8 27
9 769 18 343 9 20
X = 510.4 10 %bkg
510.4  - 23 = 487,4 TL 487.4  TL
43 .5  rad ?ac
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Dog #  11 TL of recovered  dosim eters
1 94 10 127
2 154 11 121
3 127 12 130
4 142 13 106
5 173 14 150
6 184 15 187
7 105 16 78
8 88 17 173
9 131 18 broken
r  =: 133..5
The dog was in je c te d  w ith
60,9  mCi w ith  a 95^ uptake 
to  th e  lung.
133.5 -  23 (bkg) = 113.5 TL
.- ,^ 3-5. -  108,1 c o rre c te d  T!Çj
1,.05 over response
W w r a d  "  9.65 rad  dose to  th e  lung  
S f  = 1 ^ 7  mrad/nOi57,8 nCi 
D osim eter recovery  p a t te rn
L e ft ju g u la r  ra ise d
L e ft Lung
A p ical 0
C ardiac 1
Diaphasm atic 2
T o ta ls  3
R ight Lung
A pical
Cardiac
Diapha.gmatic
In te rm ed ia te
7
5
3
0
15
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E ffe c t iv e  H a lf-L ife  Counts
lim e (hours) 
0 .0  
0 .5  
1.0
1.5  
2 .0
2 .5
3.0
3 .5
Counts
1,000,214
948,619
802,374
667,432
578,122
480,530
403,026
336,280
E f fe c t iv e  h a l i j - l i f e
= 2 .05  h rs
0 1 42 3
Hours
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T able B Dose From L iver to  Lung 
TL re a d o u t
1 53
2 92
3 22
4  81
5 51
6 42
7 56
8 66
9 29
10 29
11 24
12 28
13 28
14 33
15 21
16 26
X = 4 2 .6  bkg = 13.4
4 2 .6  -  13 ,4  = 29.2  TL Cobalt c a l .  = 12 ,8  TL/ rad
  = 2 .28  rad     2 ,1?  ±0.41 rad
12.8  TL/rad I .05 over response
F ive  p e rc e n t o f the  l i v e r  a g en t was held  in  th e  lu n g  o r  1.3  mCi.
1 .3  mCi X 180 nirad/mCi (measured lung  dose) = 0,23 rad
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2,17  ra d  -  0 ,23 rad  = 1, 9% t  0,41 rad
26,3  mCi in je c te d  -  1 ,3  mCi in  lu n g  = 25 raCi to  l i v e r  
This g iv es  a dose to  th e  lung  o f 78 1 16 mrad/mCi, The 
r a t e  o f  up take  by th e  l i v e r  o f the  lu n g  agent i s  governed 
by th e  e f f e c t iv e  h a l f - l i f e  o f th e  lu n g  a g en t. The e f fe c t iv e  
c o n c e n tra tio n  in  th e  l i v e r  o f  the  lu n g  agent would be reduced 
 ^ "  ^up /  ^ e f f ) '  = 2 ,7  h o u rs , T^^f = 6 hours,
78 mrad/üiCi X 0 ,55 = 4 2 ,9  m rad/ mCi dose from the  lung  
agen t in  th e  l i v e r  to  th e  lu n g .
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